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Metal matrix composites (MMCs) are commonly utilized materials in various industries, 
including applications in aerospace and automotive industries, due to their outstanding strength-
to-weight ratio and wear resistance. The superior mechanical properties of MMCs are achieved 
through addition of hard ceramics as reinforcements to a metal matrix. However, these 
reinforcements also have a detrimental effect on the machinability of MMCs. The existence of 
ceramic reinforcements results in excessive tool wear. Moreover, the complications related to 
the mechanics of chip formation during MMC cutting further increase the complexity of the 
cutting process. Thus, in order to overcome the obstacles faced during machining, a 
comprehensive understanding of MMC cutting process is required. 
In this thesis, a detailed understanding of MMC machining is accomplished through 
numerical and analytical modeling of the process. A finite element model of MMC cutting is 
developed for analysis of various unique aspects of the process, including the interactions 
between the cutting tool, the matrix, and the particles. The validity of the proposed model is 
confirmed by comparison between predicted and measured data. In the FE analysis, all major 
phases of MMC workpiece, namely the particle phase, the matrix phase, and the matrix-particle 





scenarios of interactions between the cutting tool and particles as well as the effect of cutting 
process parameters on MMC behavior during machining. 
Analytical models of MMC machining process are developed for prediction of cutting 
forces. These models rely on constitutive equations for capturing MMC behavior. Conventional 
constitutive equations, i.e. constitutive equations developed for modeling traditional monolithic 
materials, are lacking an explicit description of the effect of MMC’s unique features, namely 
particle size and volume fraction, on MMC behavior. Therefore, a novel constitutive equation is 
developed for depicting the MMC behavior during machining. This equation considers the 
fracture and debonding of MMC reinforcements during cutting and clarifies the relation between 
MMC behavior and particle size and volume fraction. Comparison of analytical model predictions 
with experimentally measured data verifies that the developed model is capable of providing an 
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Chapter 1 Introduction 
1.1 Preamble 
A composite material is defined as a combination of two or more materials with 
different chemical and mechanical properties that are not soluble in one another. The 
matrix phase transfers load and supports the integrity of the structure while the particle 
phase provides the enhanced mechanical properties of the composite. Excellent 
mechanical and thermal properties enable composites to be utilized in a wide range of 
applications, such as automotive, aerospace, oil and gas, etc. Characteristics such as a 
high strength-to-weight ratio, high modulus-to-weight ratio, good damage tolerance, 
acceptable fatigue life, and corrosion resistance are highly anticipated in these 
applications and many of them can be uniquely achieved through utilization of 
composites. 
Among composites, metal matrix composites are the widely used material in many 
industrial applications for their outstanding strength and wear resistance. Some examples 
of MMC applications are in cylinder liners for internal combustion engines, ventral fins 




and lower drag brace landing gears in fighter planes, and helicopter blades [1]. The 
excellent wear resistance in MMC materials is mainly achieved through addition of the 
reinforcements in the form of abrasive ceramics to a metal matrix. Although composite 
materials are usually manufactured to near net shape, machining processes are 
commonly employed to achieve the desired dimensional accuracy of the final product. 
As the most popular material removal process, machining is believed to be one of 
the main sources of industrial revolution and growth of manufacturing-based economies 
[2]. It is a process that involves cutting metals using various cutting tools. It is used in 
various industrial applications due to its accuracy, flexibility, and cost efficiency for 
production of limited quantities of products. Popularity of the machining process 
highlights the importance of understanding the mechanics of metal cutting. Development 
of modern machine tools and optimization of machining techniques requires systematic 
knowledge of mechanics of chip formation. This knowledge is also necessary for 
manufacture of products from new generation of engineering materials, which are 
commonly more difficult to cut due to their enhanced mechanical properties. 
Machining metal matrix composites is a challenging task in comparison to 
machining the traditionally used metals in industry. This is mainly due to the existence of 
hard ceramic reinforcements in MMCs which have similar hardness characteristics as the 
cutting tools. During machining, these hard ceramic particles are rubbed against the 
cutting tool and severely damage the tool surface, leading to excessive tool wear. 
Excessive tool wear, in turn, causes various types of damage, such as particle fracture and 




debonding at the interface between particle and matrix. Moreover, the complications 
related to the mechanics of chip formation during MMC cutting further increase the 
complexity of the cutting process. These obstacles arise from the interactions between 
cutting tool, matrix, and reinforcements. Thus, machining MMCs is considered to be a 
challenging process. The main difficulties are seen in obtaining an optimal combination of 
process parameters in order to achieve the desired tool life, surface finish, and metal 
removal rate. It is clear that a comprehensive and general understanding of the MMC 
behavior during the machining operation is considered an asset in achieving these optimal 
parameters. 
Various methods are available for studying the machining process of metal matrix 
composites. The diverse investigation methodologies can be divided into three main 
categories: experimental analysis, mechanistic modeling, and numerical modeling and 
simulation. Experimental or empirical modeling generally focuses on understanding the 
macro/microscopic machinability of MMCs and the surface integrity of the machined 
product. Mechanistic modeling tries to describe the composite material behavior using 
basic cutting mechanics. Numerical simulations approach the problem at two levels: The 
macroscopic models simulate the cutting process while treating the material as a 
macroscopically anisotropic material; the microscopic models focus on the interaction 
between particles and matrix. Macroscopic models often disregard many fundamental 
characteristics of the composite material and cannot determine the details of material 
behavior. Microscopic models usually provide more details of the actual behavior of the 
matrix and particle during the cutting process and offer a better simulation of the 




interaction between tool and composite material. However, simulation of a microscopic 
model during machining is generally very time-consuming. 
Many challenges still exist in understanding the mechanics of machining. The new 
improvements in computer technologies have empowered researchers to gain a better 
understanding of the cutting process through complex numerical simulations. Finite 
element modeling is a major numerical technique utilized by many researchers in this 
field. This modeling technique is currently being used to achieve broader knowledge 
regarding various aspects of the cutting process, such as chip formation and separation, 
subsurface damage, and tool-chip interactions [3]. 
An essential part of any finite element model is a description of material’s 
constitutive behavior. During machining, workpiece material usually undergoes extreme 
deformations which are associated with high strain, strain rate, and temperature. 
Material constitutive equations provide a stress-strain relation that depends on strain-
hardening, strain rate, and temperature. Moreover, chip separation criteria, required by 
Lagrangian or Arbitrary Lagrangian-Eulerian (ALE) analysis, commonly involve prediction 
of material damage evolution and fracture. A correct fracture prediction is possible only 
if material damage behavior is well understood. Therefore, damage equations for the 
workpiece material are required in order to describe the initiation and evolution of 
damage during machining. 
Knowledge regarding the constitutive behavior of the material during cutting is 
required for understanding any type of machining process. Constitutive equations are 




excellent tools for studying the relations between various aspects of the cutting process, 
such as cutting force and microstructure damage, and workpiece material characteristics. 
These equations are particularly important for modeling MMC cutting, where alterations 
in features such as reinforcement size and volume fraction can immensely affect the MMC 
behavior during machining process. 
Although machining MMCs has been extensively studied through experimental 
research [1, 4-9], very few analytical models for analysis of the process exist. Among these 
analytical models, the energy-based model [10] and the mechanistic models [11, 12] are 
more commonly employed by researchers. Although these models have been relatively 
successful in defining the effects of some unique features of MMCs, such as volume 
fraction and size of reinforcements, on different process outputs, they all rely on 
constitutive equations that are usually utilized for modeling traditional materials. Thus, 
these constitutive equations are lacking an explicit relationship between the process 
parameters and the unique MMC features. Instead, the effect of MMC features is 
implicitly embedded in the model constants. A comprehensive understanding of MMC 
cutting behavior can only be achieved using constitutive models that are able to explicitly 
describe the relationship between the MMC behavior and its unique features, namely 
particle size and volume fraction. 





This research aims at providing a comprehensive understanding of machining metal 
matrix composites. This understanding will be achieved by means of numerical and 
analytical modeling of the process.  
The numerical model will be in the form of finite element analysis of cutting. This 
model simulates the behavior of the matrix, the particles, and the matrix-particle 
interface during machining. In order to obtain the finest results from the finite element 
analysis, an attempt will be made to use constitutive models that would best describe the 
metal matrix composite material response during the cutting process. The results of the 
finite element simulations will be validated through comparison with experimental data. 
The finite element model will provide invaluable information regarding the interactions 
between the cutting tool and different phases of the MMC. It will also help understand 
the effects of machining on the MMC microstructure. 
The analytical model will be based on a semi-empirical equation for predicting the 
constitutive behavior of MMC during machining. This equation will describe the 
relationship between flow stress, strain, strain rate, and temperature in the MMC. It will 
also incorporate the unique composite characteristics, namely volume fraction and size 
of reinforcements. This model will consider scenarios of fracture and debonding of MMC 
reinforcements as a result of cutting. 




1.3 Scope of thesis 
Chapter 2 presents a discussion of the background topics and a review of literature 
relevant to this thesis. In chapter 3, the approach towards achieving the objectives of this 
research along with the employed methodologies are provided. Details of the finite 
element modeling of MMC machining process are explained in chapter 4. The proposed 
finite element model is utilized for analysis of various unique aspects of MMC cutting, 
including interactions between cutting tool and reinforcements, the effect of cutting 
speed on MMC cutting process, and plastic deformations during MMC machining. Finite 
element model results are presented and validated against experimental data. An 
analytical model for prediction of cutting forces during MMC machining, which relies on 
conventional constitutive equations, is presented in chapter 5. In chapter 6, a novel 
constitutive equation for modeling MMC behavior during the cutting process is 
developed. This constitutive equation is then used in development of a new analytical 
cutting force model, as explained in chapter 7. Model predictions for machining different 
MMCs under various cutting conditions are presented and compared with experimental 
values. In chapter 8, the findings of this thesis are concluded and areas of future work in 






Chapter 2 Background 
2.1 Introduction 
This chapter provides a brief description of the published literature related to 
modeling machining metal matrix composites, which will help establish the proper 
context in relation to the previous research works. The most significant publications in 
the field of numerical and analytical modeling of cutting process of MMCs will be 
presented and the achievements of researchers in the relevant topics will be reviewed. 
2.2 Metal Matrix Composites 
Similar to all composites, metal matrix composites (MMCs) are a combination of at 
least two physically and chemically distinct phases; these phases are randomly distributed 
in order to achieve properties that are not achievable by either of the phases individually. 
Commonly, an MMC consists of two phases i.e. a reinforcement phase in metal matrix. 
The reinforcement phase is in the form of one of the following categories: 
1. Particulates, 
2. Short fibers (whiskers), and 




3. Long fibers. 
Examples of these reinforcing phases include alumina fibers as reinforcements in 
aluminum matrix composites used in power transmission lines; niobium-titanium 
filaments in a copper matrix for superconductors; tungsten carbide particles as 
reinforcements in composites used as cutting tools; and silicon carbide particles in 
aluminum matrix composites used in aerospace and automotive applications [13]. 
Applications in the automotive industry include cylinder liners for internal combustion 
engines and discs, drums, and calipers for the brake system. In the aerospace industry, 
these composites are used for manufacture of ventral fins and lower drag brace landing 
gears for fighter planes and helicopter blades [1]. 
Metal matrix composites offer several advantages over monolithic metals and other 
composites. Compared to metals, MMCs are advantageous in the following fields [13]: 
 Weight saving due to their higher strength-to-weight ratio 
 Dimensional stability, as compared to, for example, monolithic aluminum 
 Better behavior at high temperature, i.e. creep resistance 
 Major improvement in fatigue behavior 
With respect to polymer matrix composites (PMCs), MMCs offer the following 
advantages [13]: 
 Higher strength and stiffness 
 Broader working temperature range 




 Higher thermal and electrical conductivity 
 Better options for joining 
 Improved behavior under radiation exposure 
2.3 Machining of metal matrix composites 
2.3.1 Preamble: MMCs are usually categorized into two groups according to the type 
of reinforcements: Fiber-reinforced MMCs and particle-reinforced MMCs. Due to the very 
different nature of the behavior of these composite groups during machining, this 
background review will be provided in separate sections. 
2.3.2 Fiber-reinforced MMCs: Fiber-reinforced metal matrix composites are not 
perfect candidates for machining using conventional machining methods. This is because 
of the hardness of ceramic reinforcement fibers. Furthermore, fiber breakage or pullout 
as a result of machining can result in deterioration of material properties. Oxidation of 
some fiber materials is also a problem that should be addressed during machining [3]. 
Varadarajan et al. [14] performed conventional machining tests on an aluminum 
fiber-reinforced MMC with 25% volume fraction of aluminosilicate fibers. They compared 
the performance of multicoated carbide tools with polycrystalline cubic boron nitride 
(PCBN) tools in machining MMCs. They found that, although carbide tools are reasonable 
options in machining these composites, PCBN tools outperform carbide tools in terms of 




tool life. This is mainly a result of extreme tool wear caused by abrasion in multicoated 
carbide tools. 
Weinert and Lange [15] carried out various conventional machining tests on 
magnesium alloy MMC with 20% volume fraction of short alumina and carbon fibers. As 
a result of their milling, drilling, reaming, and threading tests, they found that the 
excessive tool wear during machining, and consequently machining with worn cutting tool 
can cause subsurface damage and fractured reinforcements, which can lead to weakening 
of material properties. Hence, they suggested using moderate cutting speeds and high 
feed to make up for the high tool wear. 
Dandekar and Shin [16] conducted laser-assisted machining experiments on Al-2% 
Cu aluminum matrix composite reinforced with 62% by volume fraction alumina fibers. 
Their experimental results showed that the main type of machining-induced damage in 
the composite is fiber breakage below the cutting plane. Hence, by using laser-assisted 
machining and increasing the metal removal temperature, they managed to reduce 
cutting energy, surface roughness, tool wear, and fiber pullout. 
2.3.3 Particle-reinforced MMCs: Many researchers have performed experimental 
studies of machining particulate reinforced metal matrix composites. These studies were 
aimed at achieving a broader understanding of tool wear, surface roughness, and sub-
surface damage during the machining process. These parameters were found to be 
dependent on different composite characteristics, such as the reinforcement material, 




volume fraction and size of the reinforcement, matrix properties, and the distribution of 
reinforcement particles in the matrix. 
One of the early investigations of machinability of particulate metal matrix 
composites was performed by Tomac et al. [4]. They did machining tests on an aluminum 
matrix composite reinforced with 14 vol.% SiC particles. Their experimental results proved 
that due to existence of hard particles in the MMC, extreme flank wear of the cutting tool 
occurs during machining. Hence, they recommended using polycrystalline diamond (PCD) 
tools in order to reduce wear and improve the surface finish. They also suggest employing 
high feed rates and low cutting speeds in order to improve material removal rate and 
surface finish. 
Quigley et al. [5] analyzed the influence of cutting tool coatings on cutting tool wear 
and surface finish when machining metal matrix composites. They found that triple-
coated carbide tools with a top layer of TiN are the best option among carbide tools for 
machining of MMC, even though flank wear is excessive in these tools, regardless of the 
coatings. It was also concluded in their research that the cutting mechanism in MMC 
tends to be in the form of crumbling, similar to concrete/aggregate mixture, rather than 
shearing, as can be seen in ductile materials. 
Lin et al. [6] examined the machinability of A359 aluminum matrix composite with 
20 vol.% SiC reinforcement. They studied the performance of PCD cutting tools in terms 
of wear and tried to obtain a modified form of the Taylor equation for predicting the tool 




life. They found abrasion occurring between reinforcement particles and cutting tool 
material to be the main form of tool wear mechanism. 
A comprehensive research regarding machining of particulate metal matrix 
composites was performed by El-Gallab and Sklad and their findings were published in a 
series of four papers [7, 8, 17, 18]. They performed high-speed turning tests on 20% 
SiC/Aluminum MMCs. They analyzed the performance of different cutting tool materials. 
Their results indicated abrasion and micro-cutting of tool material grains as the main wear 
mechanism in cutting MMC materials. Moreover, they studied the integrity of the 
workpiece surface in machining the above-mentioned MMCs. Their experimental results 
demonstrated that plastic deformation can be seen up to as far as 60 – 100 µm beneath 
the machined surface. Measurements also showed higher microhardness in this sub-
surface layer which is considered to be a result of dislocation pile-up and formation of 
finer grains. 
Studies on tool wear mechanisms in machining particle-reinforced metal matrix 
composites are presented by Yanming and Zehua [19] and Andrewes et al. [20]. They 
found the major factors affecting the life of the cutting tools in machining MMCs to be 
the volume fraction and size of the reinforcement particles. The more volume fraction or 
coarser size of SiC particles is found to result in more severe wear of the tool and shorter 
tool life. Built-up edge is also seen in machining MMCs at low speeds which can protect 
the rake face of the tool; however this built-up edge cannot protect the flank face against 
abrasion.  




Another analysis of the performance of PCD tools in cutting metal matrix 
composites was performed by Davim [21]. His analysis confirmed the earlier 
understanding that PCD cutting inserts are the perfect choice for machining MMCs. In this 
work, an equation is also presented to predict the life of the PCD cutting tool according 
to parameters such as cutting speed and feed. 
In his other work, Davim [22] presented an investigation of the effective cutting 
characteristics in machining MMC including parameters such as tool wear, machining 
power, and surface roughness. In this study, orthogonal arrays and the analysis of 
variance (ANOVA) were employed in order to understand the significance of variations in 
each of the cutting characteristics such as cutting velocity, feed rate, and the cutting time 
on the final results. 
Ding et al. [23] compared the performance of PCBN tools and PCD tools in machining 
Al-SiC metal matrix composites. They found that PCD cutting inserts provide better 
performance during the machining process which is a result of their higher resistance 
against abrasion and fracture and lower tendency to adhere to the working material. 
Machinability of particle-reinforced metal matrix composites was studied by 
Muthukrishnan et al. [24]. They analyzed the specific power consumption as an indicator 
of machinability and they found it to be lower when machining MMCs at higher cutting 
speeds. Furthermore, higher cutting speeds result in easier particle debonding and 
consequently, improved quality of the machined surface. 




An early model for predicting cutting forces during machining metal matrix 
composites was presented by Kishawy et al. [10]. In this research, an analytical force 
model for orthogonal cutting was provided based on the total energy required for the 
cutting process. The calculated energy included the energy required for deformation as 
well as the energy consumed in debonding of the matrix-reinforcement interface. 
Kannan et al. [25] developed a model for prediction of wear on the tool flank surface 
during orthogonal machining of MMCs. This analytical model succeeded in predicting the 
progress of flank wear during orthogonal cutting as a function of cutting parameters and 
tool and workpiece properties.  
Kishawy et al. [26] presented a model for predicting tool wear during bar turning of 
MMC materials. Their model considered the effects of two-body abrasion and three-body 
abrasion on the cutting tool in order to calculate the flank wear during oblique cutting. 
Their model along with their experimental results agreed well with previous 
understandings regarding the mechanisms of wear during machining metal matrix 
composites [27]. 
An analysis of the characteristics of machined surface of MMCs was performed by 
Kannan and Kishawy [9]. Their research investigated the variations of microhardness 
beneath the machined surface and provided an understanding of the effects of machining 
parameters and MMC properties on the quality of the surface. They found that 
parameters such as particle volume fraction, particle average size, and initial hardness of 
the matrix material greatly affect the extent of plastic deformations and damage beneath 




the surface. They also showed that application of coolant during machining metal matrix 
composites affects surface characteristics such as subsurface microhardness and surface 
roughness. These conclusions together with other tribological aspects of machining MMC 
materials were later detailed in [1]. 
2.4 Finite element modeling of machining metal matrix composites 
2.4.1 Preamble: Two main approaches towards understanding the machining process 
are popular among researchers [28]; the direct experimental approach and the numerical 
simulation approach. The experimental approach is usually very time consuming and 
expensive, particularly in cases where many parameters, such as tool geometry, material 
properties, and cutting conditions, can affect the process. The numerical approach is 
usually preferred for its ability to provide a more comprehensive knowledge regarding 
the machining process. 
2.4.2 FEM for simulation of the machining process: Finite element methods are 
among the most common methods of analysis in numerical simulation. These methods 
facilitate investigation of the machining process with all its complexities in terms of 
material metallurgy, material elastic and plastic behavior, heat transfer, fracture 
mechanics, and the effect of using coolants. Finite element analysis is able to provide a 
prediction of deformations, stress, strain, temperature, and cutting forces during a 
specific cutting process. A bibliography of the literature related to simulation of the 




machining process using finite element methods from 1976 to 2002 is compiled by 
Mackerle [28, 29]. 
An early model for finite element simulation of orthogonal cutting process was 
developed by Iwata et al. [30]. This model used rigid-plastic material models without 
considering temperature effects. Temperature dependence was first incorporated in 
machining FEM by Tay et al. [31] and Stevenson et al. [32]. Lajczok [33] proposed 
utilization of plane strain analysis for FE simulation of cutting. More recent research 
regarding FEM for machining has focused on various specific situations occurred during 
cutting. For instance, Ceretti et al. [34] studied segmental chip formation using FEM while 
Marusich and Ortiz [35] used adaptive remeshing techniques for simulation of transition 
from continuous to segmented chip during high speed machining. 
Finite element models, which are basically discretized models of a continuum, can 
be based on various descriptions of material kinematic behavior. These descriptions 
define the relationship between the finite element mesh and the underlying deformed 
continuum. Therefore, similar to continuum mechanics, finite element simulations can be 
based on Lagrangian or Eulerian formulations of material behavior. These formulations 
will be described in this section. 
 FEM with Lagrangian formulation: In FE simulations with Lagrangian formulation, the 
mesh is attached to the underlying material. Nodes on the finite element mesh follow the 
underlying material points and the geometry of elements is updated with deformations 
in the material during the simulation. The ability of models with this formulation to follow 




the workpiece material enables them to simulate the separation and formation of chip 
during the initial stages of cutting. However, following the continuum material points can 
also result in severe mesh distortion. Early research on employing FE models with 
Lagrangian formulation for simulation of cutting is performed by Carroll and Strenkowski 
[36] and Strenkowski and Moon [37]. An important aspect of using these models for 
simulation of machining is the need for material fracture models; separation and 
formation of chip during cutting requires models for prediction of fracture in the material 
during simulation using Lagrangian formulation. This aspect results in a more realistic chip 
formation; however modeling fracture in Lagrangian formulation requires removal of 
elements from the model, which can decrease the accuracy of results due to reduction in 
the material mass. 
 FEM with Eulerian formulation: In FE simulations with Eulerian formulation, the finite 
element mesh is fixed in space while the underlying material flows inside the mesh. In this 
formulation, the variables of the conservation equations are significant for an instant in a 
specific position in space. Thus, each variable is expressed for a position on the fixed 
mesh, which is unrelated to the material’s previous configuration or coordinates. 
Employing Eulerian formulation in metal cutting has the advantage of avoiding 
mesh distortion as the mesh is fixed in space. Chip separation criteria are also not needed 
in FE models with this formulation. However, these models usually cannot simulate 
initiation of chip formation and require prior determination of chip shape. An early FE 




model using Eulerian formulation for metal cutting is developed by Strenkowski and 
Carroll [38]. 
 FEM with the Arbitrary Lagrangian Eulerian (ALE) formulation: Lagrangian and Eulerian 
formulations both offer advantages in simulation of cutting using FEM. The ALE technique 
was developed in order to benefit from these advantages while overcoming the 
shortcomings of each of the formulations [39-43]. In this technique, some finite element 
mesh nodes are attached to the underlying material and follow the continuum while 
others are fixed in space. As a results, this method reduces the distortion in the mesh as 
compared to Lagrangian FEM while providing a simulation of chip formation that is more 
realistic than that of Eulerian technique. 
2.4.3 FEM in machining fiber-reinforced composites: An early finite element 
analysis of machining fiber-reinforced composites was performed by Arola et al. [44]. 
Their model simulated the chip formation during edge trimming of unidirectional fiber-
reinforced plastics (FRPs). They simulated the process for composites with a fiber 
orientation range of 0° - 90°. In order to validate their model, they provided a comparison 
between the cutting forces during machining tests and the forces obtained using the finite 
element model. They also analyzed the effect of tool geometry on the cutting forces, sub-
surface damage, and stress on the tool tip. 
Nayak et al. [45] investigated the composite damage associated with machining 
FRPs through micromechanical finite element analysis. Their work provided a prediction 




of the sub-surface damage and fiber-matrix debonding. Their analysis of debonding 
involved cohesive zone modeling (CZM) of the interface between the fibers and the 
matrix. Using the Abaqus commercial FEM software and energy-based traction-
separation law in cohesive elements, they managed to properly simulate the interfacial 
debonding and fiber failure during machining FRPs. 
Nayak and Bhatnagar [46] and Nayak et al. [47] later published their research on 
machining unidirectional glass fiber-reinforced plastics (UD-GFRP). In these papers, they 
provided an experimental analysis of the effect of various geometrical and process 
parameters on machining characteristics such as the shape of the chip, fiber failure and 
debonding, cutting forces, and sub-surface damage. Later in the second part of their 
publication, they presented a finite element analysis to simulate the process in agreement 
with the experimental data. Their FEM initially involved an equivalent homogenous 
material (EHM) modeling of the workpiece; however, this model could not predict the 
cutting forces in good agreement with experimental data. Hence, a micro-mechanical 
model consisting of separate phases of matrix and fiber was proposed. This model 
managed to provide an understanding of the chip formation process and sub-surface 
damage during machining UD-GFRPs. 
A more recent finite element analysis of machining UD-GFRP composites was 
performed by Rao et al. [48]. This research work involved a dynamic explicit FEM of the 
process, considering separate phases for the elastic-plastic matrix, elastic fibers, and the 
cohesive zone interface between the matrix and the fibers. Using this model, they 




provided an understanding of possible forms of failure in the fibers and the matrix and 
debonding in the fiber-matrix interface. They also presented predictions for chip size 
during machining these composites. 
Lately, more comprehensive FE investigations of machining fiber-reinforced plastics 
are provided by Dandekar and Shin [49] and Mkaddem et al. [50]; the former employs a 
micro-mechanical approach by considering three separate phases for the matrix, fibers, 
and in the matrix-fiber interface, while the latter uses a single phase Equivalent 
Orthotropic Homogenous Modeling (EOHM) to simulate the behaviour of the workpiece 
material. Validation of these models with experimental data shows good agreement in 
terms of the cutting forces. Therefore, these models are able to provide an acceptable 
prediction of the machining process characteristics for fiber-reinforced composite 
materials. 
2.4.4 FEM in machining particulate reinforced MMCs: An early attempt at finite 
element modeling of machining particle-reinforced metal matrix composites was made 
by Monaghan and Brazil [51, 52]. In their work, they provided a two-stage simulation for 
the process; in the first stage, the single-phase global machining model is employed to 
simulate the cutting process in steady state conditions, while in the second stage, the 
loading history recorded in the previous stage is applied to a micro-mechanical model of 
a square section of the MMC material. Using this modeling technique, they managed to 




simulate particle debonding associated with machining MMCs along with the contact 
stresses on the tool surface during the cutting process. 
 Zhu and Kishawy [53] provided a thermo-mechanical finite element model for the 
MMC cutting process. Their simulation involved a thermo-elastic-plastic plain strain 
model for the workpiece along with elastic particles and a particle-matrix interface with 
the same hardness as the particles. The incorporation of temperature in the simulation 
facilitates a more comprehensive modeling of the plastic behavior of the material. Their 
finite element model managed to predict the cutting forces as well as the stress and 
temperature distribution in the workpiece material. 
One of the most effective concepts in machining performance of MMC is the 
interaction between tool and particles. Pramanik et al. [54] provided a comprehensive 
investigation of the tool-particle interactions during MMC orthogonal cutting. In this 
research work, they employed finite element analysis to gain an understanding of the 
behavior of the workpiece material during the cutting process in three scenarios: 
reinforcement particles above the cutting path, reinforcement particles along the cutting 
path, and reinforcement particles below the cutting path. They concluded that the main 
reasons for particle fracture and interfacial debonding during machining MMC are the 
tool-particle interactions and the distribution of stress in the material. 
A more recent finite element investigation of the MMC cutting process was 
conducted by Zhou et al. [55]. This research work provided a two-dimensional thermo-
mechanical model of orthogonal cutting which is used to analyze the removal mechanism 




of the particle from the matrix. This analysis provided an understanding of the relation 
between von Mises equivalent stress distribution in the particle and matrix, and the 
removal mechanism of the particle. Hence, the removal mechanism of the particle based 
on the location of the cutting tool with respect to the particle can be investigated. 
Lately, with the improvements in computation technologies and FEM software, 
researchers have been able to conduct more comprehensive finite element analyses of 
machining of metal matrix composites. One of these investigations is performed by 
Dandekar and Shin [56]. In their work, they provided a multi-step 3D model for prediction 
of sub-surface damage during the MMC machining process. They initially simulated the 
process using a single-phase Equivalent Homogenous Material (EHM) model to obtain the 
stress and temperature distribution in the workpiece material. Then in the next step, they 
applied the obtained data to a local multi-phase model consisting of a thermo-elastic-
plastic matrix, linearly-elastic particles, and particle-matrix interface modeled using 
cohesive zone elements. This model managed to provide a better prediction of debonding 
and particle fracture as well as the depth of damage in the MMC material during the 
cutting process. 
2.5 Analytical modeling of machining metal matrix composites 
2.5.1 Preamble: Understanding any type of machining process requires knowledge 
regarding the relations between process parameters, such as cutting speed and feed rate, 
workpiece material properties, such as material’s elastic and plastic parameters, and 




characteristics of the cutting process, such as cutting force and microstructure damage. 
Analytical machining models are primary candidates for obtaining this information. In the 
case of machining MMCs, a more comprehensive understanding can be achieved by 
means of analytical models that describe the relationship between the composite’s 
unique features, namely volume fraction and size of reinforcements, and the outcome of 
cutting process. In this section, some of the models for describing the cutting process, in 
general, and MMC cutting, in particular, will be reviewed. 
2.5.2 Machining models: Various models for analytical investigation of machining 
process have been proposed by researchers. A classification of these models categorizes 
them into mechanistic models and energy-based models. 
 Merchant’s theory of metal cutting: An early model for prediction of forces during 
orthogonal cutting was developed by Ernst and Merchant [57-60]. This mechanistic model 
is based on the idealized assumption of existence of a single shear plane that separates 
the chip from the workpiece and on which the maximum shear stress is observed. This 
model also assumes plane strain conditions for orthogonal cutting. Using the schematic 
diagram of forces shown in Figure 2.1, the following relations between the shear force, 
𝐹𝑠, friction and normal forces at the tool-chip interface, 𝐹 and 𝑁, and the cutting and 
thrust force, 𝐹𝐶  and 𝐹𝑇, can be established. 
𝐹𝑠 = 𝐹𝐶 cos𝜙 − 𝐹𝑇 sin𝜙   
𝐹 = 𝐹𝐶 sin 𝛾 + 𝐹𝑇 cos 𝛾   




𝑁 = 𝐹𝐶 cos 𝛾 − 𝐹𝑇 sin 𝛾   
where 𝜙 and 𝛾 are the shear and rake angles, respectively. Having obtained the shear 
force and by using shear flow stress, 𝜏𝑓, as a material property, the cutting and thrust 
forces can be predicted for the orthogonal cutting process: 
𝐹𝐶 = 𝜏𝑓𝑏ℎ [
cos(𝜇 − 𝛾)
cos(𝜙 + 𝜇 − 𝛾) sin𝜙
] ⁡ 
  
𝐹𝑇 = 𝜏𝑓𝑏ℎ [
sin(𝜇 − 𝛾)
cos(𝜙 + 𝜇 − 𝛾) sin𝜙
] ⁡ 
  
where 𝑏 and ℎ are the width of cut and uncut chip thickness, respectively. 𝜇 represents 





Figure 2.1 Schematic diagram of forces in single shear plane model: (a) Free body diagram of chip; (b) 
Merchant's cutting force circle [61]  
An important aspect of using Merchant’s model for prediction of cutting force is 
prediction of shear angle. Analytical models for prediction of shear angle are usually 
















An equation for calculation of shear angle was proposed by Lee and Shaffer [63] using the 




− 𝜇 + 𝛾 
  
The same equation can be obtained using the maximum shear stress principle [62]. Using 
the minimum energy principle, Merchant [59] proposed the following equation for 












It should be noted that the above-mentioned models cannot always provide an 
accurate prediction of shear angle; these models are based on over-simplifying 
assumptions and their results in some cases can be far from experimental measurements. 
For instance, Kobayashi and Thomsen [64] showed that Merchant’s model for shear angle 
provides a limiting value which may be different from the actual value in many cutting 
conditions. 
 Oxley’s theory of metal cutting: The theory of metal cutting proposed by Oxley [65-68] 
is aimed at calculating the shear angle through analysis of the stress distribution on the 
shear plane and at the tool-chip interface. In this theory, empirical relations are used for 
calculation of stress, strain rate, and temperature at the shear plane. Having obtained 
these values, the shear angle will be calculated in a way that the resultant forces at the 
shear plane and the tool-chip interface are in equilibrium. Oxley’s theory can be extended 




for application to oblique cutting conditions using the method proposed by Arsecularatne 
et al. [69-71]. 
 Energy-based model of metal cutting: Analysis of metal cutting using the single shear 
plane model, as presented in the Merchant’s theory of metal cutting, has been criticized 
by researchers for its oversimplification of the metal cutting problem [61, 72]. As a result, 
this theory cannot provide accurate predictions of cutting forces. In order to overcome 
the obstacles of Merchant’s theory, calculation of cutting force based on consumption of 
power in the machining system has been proposed [61, 73, 74]. This methodology uses 
the partition of power in metal cutting to calculate the total power and cutting force. This 
technique has been employed for prediction of cutting force during broaching operation 
[75]. 
According to Astakhov and Xiao [74], the total power consumption in the cutting 
system, 𝑃𝑐, is the sum of power consumption for plastic deformation, 𝑃𝑝𝑑, power spent 
at the tool-chip interface, 𝑃𝑡𝑐, power spent at the tool-workpiece interface, 𝑃𝑡𝑤, power 
required for formation of new surfaces, 𝑃𝑓𝑛𝑠, and the power spent due to the effect of 
the minor cutting edge, 𝑃𝑚𝑛𝑐: 
𝑃𝑐 = 𝑃𝑝𝑑 + 𝑃𝑡𝑐 + 𝑃𝑡𝑤 + 𝑃𝑓𝑛𝑠 + 𝑃𝑚𝑛𝑐    




   




where 𝑣 is the cutting velocity. The equations for calculation of each of power 
components have been provided by Astakhov and Xiao [74]. 
2.5.3 Machining models for MMCs: The two main approaches towards studying 
machining in general, namely the mechanistic approach and the energy-based approach, 
have been employed for investigating the particular case of MMC machining process. The 
models presented by researchers in this field will be reviewed in this section. 
 Mechanistic modeling: A mechanistic model for prediction of cutting force during 
machining MMCs is proposed by Pramanik et al. [11]. In this research, Merchant’s single 
shear plane model is used for obtaining the force required for chip formation. The effect 
of nose radius is incorporated in the model using the equivalent cutting edge technique 
suggested by Colwell [73]. The ploughing force is assumed to be caused by the metal 
matrix and is calculated using the slip line field model presented by Waldorf [76-79]. The 
model presented by Pramanik et al. also included a new empirical equation for predicting 







(𝜇 − 𝛾)   
Another model for cutting force prediction during MMC machining is developed by 
Sikder and Kishawy [12]. This model is also based on Merchant’s single shear plane model. 
However, in this model the Johnson-Cook constitutive equation [80] is used to calculate 
the matrix material shear flow stress. The friction at the tool-chip interface is obtained 
using the model proposed by Dabade et al. [81]. Particle fracture and debonding is also 




incorporated in the model through utilization of equations developed by Pramanik et al 
[82] and Kishawy at al. [10]. 
 Energy-based modeling: As previously mentioned, the fundamental assumptions 
included in single shear plane models make them inherently inaccurate. On the other 
hand, energy based models can provide more accurate predictions of the machining 
process. 
An energy-based model for prediction of cutting force during machining MMCs is 
developed by Kishawy et al. [10]. In this force model, the total energy required for 
removal of unit volume of material, 𝑒, is calculated as the sum of specific energy for plastic 
deformation in the primary shear zone, 𝐸𝑝, specific energy for plastic deformation in the 
secondary shear zone, 𝐸𝑠, and the energy per unit volume required for debonding of 
particles, 𝐸𝐷: 
𝑒 = 𝐸𝑝 + 𝐸𝑠 + 𝐸𝐷   
Equations for calculation of the energy components are detailed by Kishawy et al. 
[10]. Although adopting the energy-based approach in this model eliminates the 
inaccuracies related to mechanistic models, it fails to account for interactions at the tool-
chip and tool-workpiece interfaces. Moreover, the main characteristics of MMCs, namely 
the volume fraction and size of reinforcements, are not explicitly incorporated in the 
cutting force prediction process. 




2.5.4 Constitutive equations for modeling MMC cutting: Mechanics of chip 
formation and cutting process are mainly affected by the behavior of workpiece material 
during machining. Constitutive models are used for simulation of this behavior. These 
models are developed in the form of relations between flow stress, strain, strain rate, and 
temperature. 
Another area of significant use for constitutive equations is in finite element 
simulation. During the machining process, workpiece material undergoes high 
deformations which can cause extreme strain and strain rate and rapid rise in the 
temperature. Therefore, the constitutive equation employed in the FEM should provide 
a relation between stress and strain along with its dependence on strain rate, 
temperature, and work hardening. 
Another important issue in Lagrangian or Arbitrary Lagrangian-Eulerian (ALE) 
methods of finite element analysis is the chip separation criterion. Fracture models can 
be used to model the initiation and evolution of damage in material and formation of chip 
during machining. The effects of strain rate and temperature should also be incorporated 
in the fracture models that are to be used for the cutting process. 
 Constitutive models for monolithic material behavior: Various constitutive models have 
been proposed for simulation of material behavior. Among these models, the Johnson-




Cook model [80], the Maekawa model [83, 84], the Bammann-Chiesa-Johnson model [85], 
and the micromechanical models [86, 87] are more frequently employed by researchers.  
One of the most commonly used constitutive models for simulating the behavior of 
materials subjected to large strain, high strain rate, and high temperature is presented by 
Johnson and Cook [80]. They analyzed the results of torsion tests, static tensile tests, and 
dynamic Hopkinson bar tensile tests for various materials to obtain the data required for 
the model. The basic form of their model for the von Mises flow stress, 𝜎, is expressed in 
the following equation: 
𝜎 = (𝐴 + 𝐵𝜖𝑛) [1 + 𝐶 ln (
𝜖̇
𝜖0̇






   
In this equation, 𝜖 is the equivalent plastic strain, 𝜖̇ is the plastic strain rate, and 𝜖0̇ is the 
reference strain rate. 𝑇 and 𝑇melt are the current temperature and the material melting 
temperature, respectively. 𝑇transition is the transition temperature defined as the 
temperature below which material behavior has no temperature dependence. The five 
material constants, 𝐴, 𝐵, 𝐶, 𝑛, and 𝑚 are obtained using the aforementioned material 
tests. 
Johnson and Cook [88, 89] also developed a model for predicting damage and 
fracture during dynamic loading. This model accounts for damage accumulation in the 
material as a function of strain rate, temperature, and pressure. 




    




where Δ𝜖 is the change in the equivalent plastic strain during each integration cycle and 
𝜖𝑓 is the equivalent strain to fracture as a function of temperature, strain rate, equivalent 
stress, and pressure. 𝐷 is a parameter for quantifying damage in the element and fracture 
will occur when 𝐷 = 1.0.  
The strain to fracture can be calculated using the following expression: 
𝜖𝑓 = (𝐷1 + 𝐷2𝑒
𝐷3𝜎
∗
) [1 + 𝐷4 ln (
𝜖̇
𝜖0̇
)] [1 + 𝐷5 (
𝑇 − 𝑇transition
𝑇melt − 𝑇transition
)]    
In this equation, 𝜎∗ is the dimensionless pressure-stress ratio (stress triaxiality) defined 
as 𝜎∗ = 𝜎𝑚 𝜎⁄  where 𝜎𝑚 is the average of three normal stresses and 𝜎 is the von Mises 
equivalent stress. 𝐷1…𝐷5 are material constants which can be obtained using torsion 
tests, Hopkinson bar tests, and quasi-static tensile tests. Equivalent stress and strain 















[(𝜖1̇ − 𝜖2̇)2 + (𝜖2̇ − 𝜖3̇)2 + (𝜖3̇ − 𝜖1̇)2] 
  
𝜖 = ∑𝜖̇Δ𝑡 
  
where 𝜈′ is the effective Poisson’s ratio (𝜈′ = 0.5 for plastic strains). 𝜎1, 𝜎2, and 𝜎3 are the 
principal stresses while 𝜖1̇, 𝜖2̇, and 𝜖3̇ are the principal strain rates. It should be noted that 
equation (2-14) is only valid as long as 𝜎∗ ≤ 1.5; for higher values of hydrostatic stress, 
this equation will not provide acceptable results. 




Johnson-Cook model is widely used in many applications for simulation of material 
behavior. However, because of some shortcomings that exist in this model, such as its 
failure to account for the coupling effects of strain, strain rate, and temperature, 
modifications have been proposed to this constitutive model [90-92]. 
It should be noted that the material models reviewed in this section are proposed 
for simulation of monolithic materials’ behavior. Thus, for the case of MMC machining 
simulation, these models suffer from lack of an explicit relationship between the process 
parameters and the unique MMC features and, consequently, their application to MMCs 
can lead to inaccurate predictions. 
 Fracture models for reinforcements in MMCs: Fracture of reinforcements in composite 
materials has been studied by researchers in the past two decades as a means of 
understanding failure and fracture in composites. An early analysis, performed by Finot 
et al. [93, 94], focused on static response of MMCs under tensile load. In this work the 
parameters affecting the onset of crack within the particles and evolution of cracks 
through the MMC were studied using a micromechanical finite element analysis. An 
important outcome of this analysis is understanding the effect of particle fracture on the 
increase in stress triaxiality, which can affect the MMC flow stress. 
Finite element analysis has proven itself as reliable tool for investigation of fracture 
characteristics in MMCs. FE analysis, combined with experimental studies, has been used 
by Kiser et al. [95] to understand the fracture behavior and develop a damage law for 
MMCs. A similar analysis has been performed by Ghosh and Moorthy [96] for MMCs with 




a non-uniform microstructure. FEM cell models for brittle fracture in MMC particles has 
been developed by Eckschlager et al. [97-99]. A more recent investigation of MMC 
behavior during static and dynamic loading using a similar approach is performed by 
Bruzzi et al. [100-102]. Their simulation utilized more realistic models for prediction of 
particle fracture and, thus, provided more accurate results. 
Analytical and empirical models have also been developed by researchers for 
understanding the fracture behavior of MMCs. Babout et al. [103] proposed a model for 
analysis of the competition between particle fracture and particle debonding and 
identifying the dominant damage mechanism in MMCs. Another analytical model is 
developed by Hauert et al. [104] to study particle fracture in MMCs with high volume 
fraction of reinforcements. An important finding of this research work is that when an 
MMC undergoes high strain, the damage in the particles can be linked to the strain in the 
composite rather than the average stress in the particles. 
 Debonding models for reinforcements in MMCs: Debonding models are used for 
prediction of initiation and progress of damage at the interface between the matrix and 
reinforcements. Early studies in this field employed the Griffith’s approach [105] toward 
understanding the growth of cracks around inclusions in a matrix [106-108]. One of these 
studies is performed by Nicholson [109], which provides a critical radius for inclusions that 
would be detached under a specific stress. The Griffith’s approach has also been in used 
in more recent research works for analysis of particle debonding in MMCs [10]. 




Simulation of debonding in finite element models is usually performed by the means 
of cohesive zone formulations. Needleman [110] presented a comprehensive framework 
for utilization of cohesive zone model in finite element analysis. This model can be used 
for description of the growth of crack at the interface from initial debonding through 
complete separation. 
Tvergaard [111] developed a formulation similar to Needleman’s model for 
prediction of separation in cohesive zone models. However, unlike Needleman’s model, 
this model considered both normal and tangential displacements. This model was 
employed to simulate debonding of SiC whiskers in an aluminum matrix. Later, Tvergaard 
[112] used this coupled normal-tangential separation model to predict interfacial 
debonding of short fibers in mostly-particulate-reinforced metal matrix composites.  
A general formulation for cohesive zone models is provided by Foulk et al. [113, 
114]. This formulation facilitates prediction of crack growth and debonding through 
implementation of three-dimensional cohesive zone elements in the finite element 
model. 
2.6 Closing remarks 
This chapter provided a review of the literature related to several aspects of metal 
removal process and the modeling of the machining process of MMCs. MMC cutting can 
be studied using both numerical and analytical approaches. These approaches have been 
used by researchers to provide a more comprehensive understanding of the mechanics 




of chip formation for MMCs along with the unique characteristics of cutting these 
composites, such as fracture and debonding of reinforcements. In the next chapters, a 
novel approach toward finite element simulation and analytical modeling of MMC cutting 





Chapter 3 Approach and Methodology 
3.1 Approach 
The background and review of previously published work on analysis of machining 
operations of metal matrix composites was presented in the previous chapter. Finite 
element analysis is the most common tool for simulation of the cutting process. This type 
of analysis can be classified into two categories: the macroscopic analysis which treats the 
composite as a macroscopically anisotropic material, and the microscopic analysis which 
considers the matrix-reinforcement interactions. In order to capture the detailed 
mechanics of the process, the microscopic finite element analysis of MMC machining 
process will provide a better prediction of the actual behavior of the composite material. 
In this thesis, a microscopic finite element analysis of the machining process of a 
particulate-reinforced MMC will be performed. The results of this analysis will be 
validated through comparison with experimental data. This model will provide an 
improved understanding of the actual behavior of the composite material during the 
cutting process along with the interactions between the tool and particles, the tool and 




the matrix, and particles and the matrix. The FE analysis can also be employed in 
investigation of various characteristics of the machined MMC, such as plastic 
deformations, and initiation and evolution of damage. 
Although the chip removal process during the machining operation is unique in 
terms of temperature, stress, strain, and strain rate, it has been modeled by previous 
researchers using constitutive equations that provide a general form of knowledge 
regarding material behavior and are not specific to machining. Hence, their utilization in 
simulation of the process may result in inaccurate predictions. 
Moreover, material models that have been used in the previous research works for 
studying MMC cutting are models that were originally developed for simulation of 
monolithic materials’ behavior. Thus, these models lack an explicit relationship between 
the process parameters and the unique MMC features. In order to address this issue, in 
the next step, a novel constitutive model for simulation of the behavior of MMCs during 
machining will be developed. This model establishes a meaningful relationship between 
the MMC behavior and its unique features, namely reinforcement size and volume 
fraction. 
3.2 Methodology 
The two-dimensional microscopic finite element model for MMC machining will be 
created and solved using Abaqus commercial FEM software. The workpiece material will 
consist of three phases: matrix, particle, and the particle-matrix interface. Matrix and 




particle materials will be modeled using coupled temperature-displacement elements 
while the cohesive zone elements will be used for the interface. The cutting process will 
be simulated using dynamic temperature-displacement analysis to account for the effect 
of temperature on material behavior. The effects of mesh size on the numerical results 
will be investigated and an optimum mesh size will be employed. The results of the finite 
element analysis will be validated against experimental data. 
In the next step, a model for prediction of cutting force during machining MMCs will 
be developed. A force model is an excellent tool for studying the relations between 
various aspects of the process, such as tool wear and damage in the workpiece material, 
and process parameters, namely cutting speed, feed rate, tool geometry, etc. The energy-
based force model will rely on a constitutive equation for prediction of material behavior 
during the cutting process. 
In order to develop a constitutive model for better description of MMC behavior 
during machining, the different parts of material behavior in the primary shear zone 
during chip formation will be investigated. For each part, the main three MMC phases, 
namely the ductile matrix, the brittle particle, and the cohesive particle-matrix interface, 
will be modeled. These models will then be incorporated in MMC constitutive equation. 
The resulting constitutive model will be in the form of a relation between flow stress and 
process and material characteristics, namely strain, strain rate, temperature, particle size, 
and volume fraction. 




In the final step, the developed constitutive equation will be incorporated in the 
energy-based force model. This will enable making comparison between model 
predictions and experiments. Predicted results from the developed force model will be 
compared with experimental data in order to confirm the ability of the developed 





Chapter 4 Finite Element Modeling of 
Machining Metal Matrix 
Composites 
4.1 Introduction 
In this chapter, the finite element modeling procedure for simulation of MMC 
cutting will be detailed. The investigation is performed using Abaqus/Explicit environment 
for an aluminum MMC reinforced with alumina particles. The simulation will focus only 
on orthogonal cutting using an ideally sharp cutting tool. 
The presented FE analysis in this research is unique in terms of simulating the 
cutting process of the real composite material with all its phases; this is in contrast to the 
models available in the literature where either a simplified composite model (i.e. without 
modeling the interface) [54] or an equivalent homogeneous material (EHM) model (i.e. a 
model that considers MMC as a macroscopically homogenous material) [56] is used for 
simulation of MMC machining. Utilization of a comprehensive model of MMC behavior 
during cutting enables the FE analysis to predict the fracture and debonding of the 
reinforcements. 




In this thesis, three finite element models will be developed and utilized for analysis 
of different aspects of machining MMCs. These models will be employed for studying 
various scenarios of tool-particle interactions, the effect of cutting speed on MMC 
machining, and the plastic deformations during MMC machining. 
4.2 Problem description and modeling steps 
Three finite element models for analysis of MMC machining process are developed: 
model I will be used for studying various scenarios of tool-particle interactions; model II 
will be used for analysis of the effect of cutting speed on MMC machining; and model III 
will be used for studying the plastic deformations during MMC machining. 
Workpiece material parameters are provided in Table 4.1. Lagrangian modeling is 
employed as, unlike other types of analysis, it permits modeling of the behavior of non-
plastic reinforcements as well as their interactions with the plastic matrix. 
Table 4.1 Workpiece material parameters 
Matrix material Aluminum Al6061 
Particle material Alumina (Al2O3) 
Particle volume fraction 10%, 20% 
Average particle diameter 15 µm, 17 µm, 23 µm 
 
The cutting process is performed using a tungsten carbide cutting tool. Tool 
geometry and cutting parameters used in analysis of the process are listed in Table 4.2. 




Table 4.2 Cutting parameters for the analysis 
Rake angle 0°, 6°, 30° 
Clearance angle 3°, 11° 
Cutting speed 30⁡m/min,⁡60⁡m/min, 85⁡m/min⁡,⁡100⁡m/min 
Depth of cut 0.1⁡mm 
Width of cut 1⁡mm,⁡3⁡mm 
 
The analysis utilizes an elastic material model for the tool. The behavior of the three 
phases of the composite material is simulated. Matrix and particles are modeled as 
thermal-elastic-plastic materials using quad thermal-displacement plain strain elements. 
The particle-matrix interface is modeled using cohesive zone elements which are 
appropriate options for modeling the interface with very small thickness. 
The interface elements are tied to both matrix and particle surfaces. A sacrificial 
layer of elements is defined along the cutting path in order to simulate chip separation 
using progressive damage model. This layer consists of elements which will be deleted as 
soon as damage accumulation in the material reaches the maximum value and material 
fracture occurs. 
The contact is defined between rake and flank surfaces of the tool and workpiece 
surfaces as well as the tool surfaces and the particle nodes. This will enable the model to 
simulate tool-particle interactions. The normal behavior at the contact area is defined 
using the “Hard” contact algorithm. This algorithm eliminates any penetration of one 
surface into another. The extended Coulomb friction model [115] is used for tangential 
behavior of  contact definitions. This model represents the frictional stress in two distinct 
regions of sticking and sliding: 





𝜏𝑓𝑟𝑖𝑐 = 𝛽𝜎𝑛 when⁡𝛽𝜎𝑛 < 𝜏𝑚𝑎𝑥
𝜏𝑓𝑟𝑖𝑐 = 𝜏𝑚𝑎𝑥 when⁡𝛽𝜎𝑛 ≥ 𝜏𝑚𝑎𝑥
    
where 𝜏𝑓𝑟𝑖𝑐 is the frictional shear stress on the surface, 𝜎𝑛 is the normal stress, 𝛽 is the 
coefficient of friction, and 𝜏𝑚𝑎𝑥 is the maximum possible shear stress on the contact 
surface. In this research, 𝜏𝑚𝑎𝑥 is assumed to be equal to 𝜎𝑦/√3 where 𝜎𝑦 is the yield 
stress of the matrix material. This value is considered as a reasonable upper bound 
estimate for the maximum shear stress on the contact surface [3]. All the energy 
dissipated as a result of friction is transformed into heat and is distributed into the 
surfaces in contact. 
In the finite element model, contacts are defined using the surface-to-surface 
contact model. In the tool-matrix contact, element-based surfaces are defined along the 
areas where the chip will be formed. For the tool-particle contacts, the exact fracture lines 
on the particles are not known. Thus, element-based surfaces along the fracture lines 
cannot be defined. In order to overcome this obstacle, node-based surfaces are defined 
on the whole particle region and are used in the tool-particle contact definition. As a 
result, any surface that is created due to fracture in the particles will participate in the 
contact with the tool and therefore, a more realistic simulation of tool-particle 
interactions will be achieved. A disadvantage of using node-based surface in contact 
definition is inaccuracy in solving contact equations, which may result in unwanted 
penetration between surfaces. This can be prevented by using a finer mesh on the node-
based surface (particles) as compared to the cutting tool. 




It should be noted that in the element-based surfaces for the tool-matrix contact, 
severe contact noise and unwanted penetrations can occur if there is a significant 
difference between the nodal masses of the master and slave surfaces. Thus, the element 
size on the rake and flank surfaces of the cutting tool are chosen in a way that, by 
considering the densities of the matrix and cutting tool, the nodal mass on the two contact 
surfaces are close to each other. 
The bottom surface of the workpiece model has fixed boundary conditions in all 
directions. The right side of the cutting insert is limited to move in only one direction with 
a velocity input boundary condition. 
Because of the very large deformations in the workpiece material during metal 
cutting, finite element modeling using the Lagrangian approach usually results in 
excessive mesh distortion and decline of the mesh quality. In order to circumvent this 
problem, in model III, which is used for analysis of plastic deformation in the matrix 
material, the Arbitrary Lagrangian-Eulerian (ALE) adaptive meshing technique is used. In 
this technique, the mesh in a region is allowed to move independently of the underlying 
material. Thus, as the material undergoes large deformations, the mesh is modified to 
avoid extreme distortion of elements and preserve the mesh quality. It should be noted 
that the ALE adaptive meshing technique does not alter the elements and connectivity 
between them (i.e. mesh topology). 




In Abaqus, three algorithms are available for improving mesh quality during finite 
element simulation, namely volume smoothing, Laplacian smoothing, and equipotential 
smoothing [116].  
In volume smoothing, for each node, the new location is calculated by obtaining the 
volume-weighted average of the centers of the elements surrounding the node. For 
example, if a node is shared by four elements, the volume-weighted average of the four 
element centers is calculated and used as the new location for the node. In Laplacian 
smoothing, the new position for each node is calculated as the average of the positions 
of all adjacent nodes which are connected by an element edge. The equipotential 
smoothing uses a higher-order average of surrounding nodes to calculate the new 
position for each node. For instance, in a 2D model, the average of the positions of eight 
nearest nodes is calculated and used as the new position for the node. Volume smoothing 
algorithm is the most robust algorithm for ALE adaptive meshing and is used for FE 
analysis in this thesis. 
All finite element simulations are run on a DELL™ PRECISION T7500 workstation 
with two Intel® Xeon® quad-core 1.6 GHz processors and 12.0 GB of RAM. Since the solver 
runs on 8 processor cores, parallel solving method is used with domain parallelization 
[116]. In this method, the model will be decomposed into eight smaller domains and each 
domain will be solved using one core of the processor. In order for parallelization to run 
efficiently, domain decomposition should be performed in a way that computation load 
for the solver for all domains is approximately equal. 




4.3 Material modeling 
In order to capture the distinctive features of machining of MMCs, the unique 
material models of the matrix, particles, and the particle-matrix interface are included in 
the model as described below. 
4.3.1 Matrix material: Matrix material is modeled using a thermal-elastic-plastic 
constitutive equation until fracture. Johnson-Cook plasticity model [80] is employed for 
simulation of matrix material behavior. Chip formation is simulated using element 
deletion in the sacrificial layer of elements. Element deletion is modeled using Johnson-
Cook’s model for progressive damage and fracture [89]. Johnson-Cook material constants 
for the Aluminum Al6061 matrix are provided in Table 4.3. 
Table 4.3 Johnson-Cook material properties for Al6061 aluminum matrix [117] 
𝐴⁡(MPa) 𝐵⁡(MPa) 𝑛 𝐶 𝑚 𝐷1 𝐷2 𝐷3 𝐷4 𝐷5 
324 114 0.42 0.002 1.34 -0.77 1.45 -0.47 0.0 1.60 
 
4.3.2 Particle material: The alumina particles are modeled as perfectly elastic 
materials until failure. Particle fracture simulation is performed using the brittle cracking 
and brittle failure models. Particle material properties are given in Table 4.4. 




Table 4.4 Material properties for alumina particles [118] 
Flexural strength (MPa) 380 
Conductivity (W.m-1.K-1) 33 
Elastic modulus⁡(GPa) 416 
Poisson’s ratio 0.231 
Coefficient of thermal expansion⁡(K-1) 4.6 × 10−6 
Specific heat (J.kg-1.K-1) 755 
  
4.3.3 Particle-matrix interface: The interface between the particles and matrix is 
modeled using cohesive zone elements using a traction-separation law. Damage initiation 
in the interface is predicted using quadratic nominal stress criterion. According to this 
criterion, damage in the cohesive elements is initiated when the following quadratic 
















= 1    
Here, 𝑡𝑛, 𝑡𝑠, and 𝑡𝑡 are the normal, first direction shear, and second direction shear (in a 




represent the maximum nominal normal, first direction shear, and second direction shear 
stress. The brackets 〈⁡〉 demonstrate that a pure compressive stress cannot initiate 
damage. 
The progressive evolution of damage, which will result in failure of the cohesive 
element and its deletion, is modeled using the energy approach. In this approach, the 
energy dissipated as a result of damage in the element until failure is a prescribed value.  
This value is entered into the model as a material property. This property is equal to the 




area under the traction-separation curve. Element will be deleted after the dissipated 
energy reaches the failure energy property. The interfacial failure energy (Φ) for the 
Al/Al2O3 interface is selected as Φ = 50⁡ J m2⁄ . This value is similar to the value used for 
simulation of damage in interface elements by Dandekar and Shin [56].  
4.4 Meshing 
The matrix and the particle phases of the workpiece are meshed using quad 
thermal-displacement plane strain elements. For these phases, free meshing technique is 
used. In this meshing technique, mesh generation can be performed using two 
algorithms, namely the advancing front algorithm and the medial axis algorithm. In the 
advancing front algorithm, elements are first generated at the region boundary and then 
mesh generation continues towards the interior of region using a systematic approach. In 
the medial axis algorithm, the region is first divided into a group of smaller simple regions. 
Then each of the simple regions will be meshed using structured meshing technique. In 
regions with a large number of elements and a relatively simple geometry, the medial axis 
algorithm can generate a mesh with higher quality as opposed to the advancing front 
algorithm. 
In model I, matrix is meshed using the advancing front algorithm while in model II 
and model III, the medial axis meshing algorithm is used. The cutting tool is meshed using 
quad thermal-displacement plane strain elements with structured meshing technique. 




Meshing of the particle-matrix interface is performed using cohesive zone 
elements. In order to create zero-thickness elements, nodes on 1D line elements are 
copied onto themselves and then, 2D zero-thickness structured elements are formed 
using the nodes. 
Dependence of the model results on the element size is investigated by comparing 
the cutting forces obtained from models with different mesh seeds. The average node 
distances in different parts of the optimum mesh for each of the models are detailed in 
Table 4.5. The meshed parts for the three models are shown in Figure 4.1, Figure 4.2, and 
Figure 4.3. 
Table 4.5 Average node distance in the optimum mesh 
 Model I Model II Model III 
Edge of particles along the cutting line 2.00⁡μm 1.45⁡μm 1.30⁡μm 
Edge of particles above the cutting line 2.36⁡μm 2.41⁡μm 1.36⁡μm 
Edge of particles below the cutting line 2.36⁡μm 4.82⁡μm 4.71⁡μm 
Matrix along the cutting line 4.00⁡μm 3.00⁡μm 5.00⁡μm 
Matrix above the cutting line 4.43⁡μm 4.16⁡μm 2.70⁡μm 
Matrix at the bottom 10.00⁡μm 25.00⁡μm 40.00⁡μm 
Cohesive particle-matrix interface 0.48⁡μm 0.60⁡μm 0.50⁡μm 
 





Figure 4.1 Meshed parts for the finite element analysis of model I (Al 6061/10% 15 μm Al2O3, rake 
angle=30°) 
 
Figure 4.2 Meshed parts for the finite element analysis of model II (Al 6061/20% 23 μm Al2O3, rake 
angle=0°) 





Figure 4.3 Meshed parts for the finite element analysis of model III (Al 6061/10% 17 μm Al2O3, rake 
angle=6°) 
 
4.5 Results and discussion 
The solution of the finite element model is performed using Abaqus. Results of the 
three finite element models will be presented and analyzed in this section. 
4.5.1 Model I, analysis of various scenarios of tool-particle interactions: 
Investigation of the interactions between the cutting tool and reinforcements is an 
important part of understanding MMC machining. These interactions can cause 
fluctuations in the cutting force, deterioration of machined surface quality, and decline in 
the life of cutting tool. Tool-particle interactions during MMC cutting can lead to particles’ 




fracture, particles’ debonding, or particles’ squeeze into matrix material. The FE model 
will be able to capture these interactions and will be utilized for analyzing them. 
 Model verification: In order to validate the results of the finite element model, the 
obtained predicted values of the cutting force were compared with the experimental 
results from cutting tests performed under the same cutting conditions [53]. Comparison 
of the average cutting force during the steady phase of cutting process from the FEM and 
the one obtained in experiments is provided in Figure 4.4. As can be seen in this figure, 
the value of the cutting force obtained from the FE simulations is within the standard 
deviation error range of the experimental value. The difference between the average 
simulated and experimental values is 8.3%. 
 
Figure 4.4 Comparison of cutting forces obtained using FEM and experimental data [53] (Al 6061/10% 

























Figure 4.4 shows that the simulated cutting force is slightly smaller than the 
experimental force. This is expected in the finite element model since the cutting tool was 
assumed to be ideally sharp in the analysis, which is not the case in the actual machining 
tests. Even if the cutting tool is sharp at the beginning of the cut, the tool wear around 
the cutting edge will soon increase the cutting edge radius and thus the cutting force. 
 Analysis of cutting force during machining: Figure 4.5 shows the cutting force versus 
time obtained during finite element simulation of the steady phase of cutting process. 
Apparent in this figure are the peaks and troughs in the cutting force which are associated 
with the interactions between the cutting tool and reinforcements. It is evident from this 
figure that initiation and progress of crack in the particle can cause a drop in the cutting 
force. On the other hand, interaction of the particle with the cutting tool before the 
initiation of a crack results in an increase in the cutting force. 
 





Figure 4.5 Cutting forces obtained using finite element analysis (Al 6061/10% 15 μm Al2O3, v=85 m/min, 
rake angle=30°, width of cut=3 mm) 
 Tool-particle interaction scenarios: The ability of the developed FE model to simulate 
machining of the real MMC with all its phases makes it an appropriate tool for studying 
various interaction scenarios between the tool and particles. In this section, these 
interactions are studied for the particles close to the cutting path. Different cases of 
particle fracture and debonding can occur as the cutting tool approaches the particles. 
The main three scenarios for particles located along, above, and below cutting line are 
depicted in Figure 4.6. These cases will be analyzed in this section. 
 





Figure 4.6 Different scenarios of tool-particle interactions at three different time steps: (a) particle on 
the cutting line: fractured and debonded; (b) particle above the cutting line: pushed in the chip; (c) 
particle below cutting line: fractured and attached 
Figure 4.7 shows the engagement of the cutting tool and a particle located along 
the cutting line. The cutting line passes through the central area of the particle. It is clear 
that as a result of engagement between the tool and the particle, the energy level has 
reached the critical value which is shown as deletion of cohesive interface elements. This 
indicates that debonding has started. 
It is also apparent from Figure 4.7 that debonding of the particle initiated before 
any contact with the tool. This can be attributed to the plastic deformations in the matrix 
around the particle. Figure 4.8 shows the distribution of equivalent plastic strain around 
the debonded particle, where an increase in matrix plastic strain in the vicinity of the 
particle is observed. 





Figure 4.7 Stress (MPa) distribution during cutting tool engagement which results in particle debonding 
(Al 6061/10% 15 μm Al2O3, v=85 m/min, rake angle=30°, width of cut=3 mm) 
 
Figure 4.8 Distribution of equivalent plastic strain around the debonded particle (Al 6061/10% 15 μm 
Al2O3, v=85 m/min, rake angle=30°, width of cut=3 mm) 
As the tool continues moving along its path, initiation and development of cracks 
become visible in the particle which is demonstrated in Figure 4.9. Moreover, it is evident 
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in this figure that as a result of debonding, cavities will be formed on the surface, which 
will consequently deteriorate the machined surface quality. 
 
Figure 4.9 Stress (MPa) distribution during initiation and growth of crack in the particle (Al 6061/10% 15 
μm Al2O3, v=85 m/min, rake angle=30°, width of cut=3 mm) 
Figure 4.10 shows the interaction between the cutting tool and a particle located 
slightly above the cutting line. In this case, the particle is debonded from the workpiece, 
but stays in the chip material. The stress distribution on the particle shows how the 
particle is pushed against the matrix material into the chip as a result of interaction with 
the cutting tool. This can be better understood by studying the pressure stress 
distribution as depicted in Figure 4.11. In this figure, the increase in pressure on the 
particles that are being forced into the chip material is evident. 
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Figure 4.10 Stress (MPa) distribution during debonding of the particle while being pushed into the chip 
(Al 6061/10% 15 μm Al2O3, v=85 m/min, rake angle=30°, width of cut=3 mm) 
 
Figure 4.11 Pressure stress (MPa) distribution during debonding of the particle (Al 6061/10% 15 μm 
Al2O3, v=85 m/min, rake angle=30°, width of cut=3 mm) 
In Figure 4.12, stress distribution during the interaction between the cutting tool 
and a particle below the cutting line is shown. It is clear that in spite of the fracture of a 
Increase in pressure stress as a 
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small portion of the particle, the larger part of the particulate reinforcement stays bonded 
to the workpiece material. As a result, a massive increase in surface roughness will not be 
expected in this scenario. Figure 4.12 also shows particles embedded in the chip during 
cutting MMC. 
 
Figure 4.12 Stress (MPa) distribution during crack propagation in a particle below the cutting line (Al 
6061/10% 15 μm Al2O3, v=85 m/min, rake angle=30°, width of cut=3 mm) 
In order to better analyze the scenarios of interactions between the cutting tool and 
reinforcements, the plastic deformation in the matrix material around the particles is 
studied. Figure 4.13 shows the plastic strain in the matrix material around the particle 
versus distance along the particle perimeter. This graph is plotted for the three cases of 
the particle lying on, below, or above the cutting line. It is evident in this graph that high 
plastic deformation in the matrix material adjacent to the reinforcement can cause 








debonding; the plastic strain around the particle on the cutting line is the highest which 
results in immediate debonding. On the other hand, the low plastic strain around the 
particle below the cutting line means the particle stays bonded to the matrix.  
   
 
Figure 4.13 Equivalent plastic strain in the matrix material versus distance along the perimeter around 
the particle for various tool-particle interaction scenarios (Al 6061/10% 15 μm Al2O3, v=85 m/min, rake 





































The knowledge regarding tool-particle interactions presented in this section is a 
great asset in studying the MMC machining system. This knowledge can only be achieved 
by means of a comprehensive finite element model which simulates all phases of a real 
composite. 
4.5.2 Model II, analysis of the effect of cutting speed: The machining of MMCs, 
like any other machining process, is significantly affected by the cutting speed. Change in 
cutting speed can considerably alter the behavior of MMC during the metal removal 
process and can result in different levels of stress, temperature, and damage in the 
workpiece material. In this section, the developed finite element model will be utilized to 
investigate the effect of cutting speed on MMC machining and particularly the 
interactions between the matrix and particle which is well depicted in the developed 
model. 
 Model verification: Simulated cutting forces obtained from FE analysis are first 
compared with experimental data to verify the model predictions and its sensitivity to the 
cutting speed, as illustrated in Figure 4.14. This figure shows that the developed FE model 
can provide an accurate prediction of cutting forces for various cutting speeds. The 
average difference between FE predictions and experimental values for all cutting speeds 
is 8.63%. This difference can be attributed to the tool wear in cutting tests which increases 




the cutting force as compared to the FE simulations, where the cutting tool is assumed to 
be ideally sharp. 
 
Figure 4.14 Comparison of cutting forces obtained using FE simulations and experiments (Al 6061/20% 
23 μm Al2O3, rake angle=0°, width of cut=1 mm) 
 Analysis of tool-workpiece interactions: An important application of finite element 
modeling is in analysis of the interactions between the cutting tool and the workpiece 
MMC. In this section, the developed FE model will be used for studying various types of 
tool-workpiece interactions. 
Figure 4.15 shows the interaction between the cutting insert and the particle 
located along the cutting line. This interactions leads to debonding of the reinforcement 
and removal of the particle from the matrix. As a result, cavities are formed on the 
machined surface which can result in deterioration of machined surface quality. 
In Figure 4.15, two instances of the cohesive elements at the particle-matrix 





























However, as a result of deformations during cutting, traction at the interface will increase 
and will lead to increased thickness of the interface elements. For the particle inside the 
chip, interface traction does not cause deletion of cohesive elements and thus, particle 
debonding does not occur. However, for the particle on the cutting line, as shown in 
Figure 4.15, cohesive elements are deleted due to interface traction and particle is 
detached from the matrix. 





Figure 4.15 Interaction between cutting insert and particle located along the cutting line (Unit: MPa) (Al 
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Figure 4.16 Stress (MPa) distribution during interaction in particles located along the cutting line (Al 
6061/20% 23 μm Al2O3, rake angle=0°, width of cut=1 mm) 
In Figure 4.16, stress distribution in the particle during the interaction with the 
cutting tool is depicted for different cutting speeds. Cracks in the particle are seen in this 
figure only for v=30 m/min and v=60 m/min. This figure also shows that particle 
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particle is fully stress-free and detached when v=100 m/min, reinforcements are still 
attached to the matrix for the two lower cutting speeds. 
In Figure 4.17 the interaction between the cutting tool and a particle with the center 
below the cutting line is illustrated. This interaction causes the fracture of reinforcement. 
As shown in Figure 4.17, for the fractured particle interacting with the cutting tool, some 
of the interface elements are deleted, though the fractured particle pieces are still 
attached to the matrix. Figure 4.17 also shows that for the particle above the cutting line 
in the chip, the interface cohesive elements are undamaged. Thus the particle is fully 
attached to matrix despite the traction that occurs at the interface. 
Evolution of crack and particle fracture during this interaction is shown in 
Figure 4.18 to Figure 4.20. According to these figures, crack is initiated as a result of stress 
concentration when the particle comes in contact with the cutting tool (Figure 4.18). The 
crack is then progressed until complete fracture of the particle (Figure 4.19). As 
mentioned earlier, the particle pieces remain bonded to the matrix. One piece is pushed 
by the tool into the chip while the other remains in the matrix on the machined surface 
and avoid a massive deterioration of machines surface quality (Figure 4.20). 
 





Figure 4.17 Interaction between cutting insert and particle located below the cutting line (Unit: MPa) 
(Al 6061/20% 23 μm Al2O3, v=60 m/min, rake angle=0°, width of cut=1 mm) 
 
 
Figure 4.18 Evolution of crack due to interaction between cutting tool and particle located below the 
cutting line: initiation of interaction (Unit: MPa) (Al 6061/20% 23 μm Al2O3, v=60 m/min, rake angle=0°, 
width of cut=1 mm) 
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Figure 4.19 Evolution of crack due to interaction between cutting tool and particle located below the 
cutting line: evolution of crack in the particle (Unit: MPa) (Al 6061/20% 23 μm Al2O3, v=60 m/min, rake 
angle=0°, width of cut=1 mm) 
 
 
Figure 4.20 Evolution of crack due to interaction between cutting tool and particle located below the 
cutting line: complete fracture of particle (Unit: MPa) (Al 6061/20% 23 μm Al2O3, v=60 m/min, rake 
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Figure 4.21 Stress (MPa) distribution during interaction in particles located below the cutting line (Al 
6061/20% 23 μm Al2O3, rake angle=0°, width of cut=1 mm) 
Figure 4.21 compares the interaction between the cutting tool and a particle located 
below the cutting line for different cutting speeds. It is shown in this figure that particle 
fracture occurs for all the three cutting speeds. However, the particle-matrix interface 
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lower cutting speed, the interface is damaged more rapidly as compared to cutting with 
a higher cutting speed. For instance, when v=30 m/min, the larger particle piece is 
completely debonded from the matrix; however when v=60 m/min, the larger particle 
piece remains attached to the matrix and is pushed into the chip by the tool. 
Figure 4.22 to Figure 4.25 show progressing frames of interaction between the 
cutting tool and a particle with the center above the cutting line. As depicted in 
Figure 4.22, this interaction causes initiation of crack at the particle-matrix interface. This 
happens before a direct contact between the cutting tool and particle occurs. Crack 
progresses into the matrix as the cutting tool advances (Figure 4.23). This progress leads 
to complete fracture in the matrix and formation of chip (Figure 4.24). In this interaction, 
the particle remains bonded to the matrix and is pushed into the chip (Figure 4.25). 
Figure 4.25 also shows that because of the fracture in the matrix ahead of the cutting tool, 
machined surface roughness will be slightly increased. 
 
Figure 4.22 Interaction between cutting insert and particle located above the cutting line; initiation of 
crack (Unit: MPa) (Al 6061/20% 23 μm Al2O3, v=60 m/min, rake angle=0°, width of cut=1 mm) 
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Figure 4.23 Interaction between cutting insert and particle located above the cutting line; evolution of 
crack (Unit: MPa) (Al 6061/20% 23 μm Al2O3, v=60 m/min, rake angle=0°, width of cut=1 mm) 
 
 
Figure 4.24 Interaction between cutting insert and particle located above the cutting line; complete 
cracking (Unit: MPa) (Al 6061/20% 23 μm Al2O3, v=60 m/min, rake angle=0°, width of cut=1 mm) 
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Figure 4.25 Interaction between cutting insert and particle located above the cutting line; particle 
pushed into chip (Unit: MPa) (Al 6061/20% 23 μm Al2O3, v=60 m/min, rake angle=0°, width of cut=1 
mm) 
In Figure 4.26, the interaction between cutting tool and particle located above the 
cutting line is compared for different cutting speeds. This figure shows that the change in 
cutting speed can modify the effect of interaction on reinforcement debonding and 
fracture. For the cutting speeds of v=30 m/min and v=60 m/min, cracking starts ahead of 
the tool at the particle-matrix interface and then progresses into the matrix. However, 
when machining using v=100 m/min, cracking starts in the matrix at the tool-matrix 
contact region. This clearly demonstrates the effect of cutting speed on the mechanics of 
chip formation during machining MMCs. When using lower cutting speeds, chip is formed 
as a results of evolution of cracks initiating from the particle-matrix interface. Since these 
cracks are created ahead of the cutting tool, their progress in the matrix can adversely 
affect the machined surface quality.  
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Figure 4.26 Stress (MPa) distribution during interaction in particles located above the cutting line (Al 
6061/20% 23 μm Al2O3, rake angle=0°, width of cut=1 mm) 
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 Analysis of the effect of cutting speed on temperature: Finite element analysis can 
provide valuable information regarding the temperature distribution during metal cutting 
and how it is affected by the cutting speed. Figure 4.27 compares the temperature 
distribution in the chip area during cutting with different speeds. An increase in the 
temperature with an increase in cutting speed is apparent in this figure. This increase in 
temperature softens the matrix material, which will in turn result in a decrease in cutting 
forces as the cutting speed increases, as shown in Figure 4.14. 
Figure 4.27 also shows that the area in the chip with maximum temperature exists 
on the tool rake face away from the tool tip. Such occurrence has been reported in the 
metal cutting literature [119]. Existence of such high temperature at this point results in 
formation of crater wear in this region of the tool face, which in turn alters the effective 
rake angle. 





(a) v=30 m/min 
 
(b) v=60 m/min 
 
(c) v=100 m/min 
Figure 4.27 Temperature (°C) distribution during cutting MMC with different cutting speeds (Al 
6061/20% 23 μm Al2O3, rake angle=0°, width of cut=1 mm) 




 Analysis of the effect of cutting speed on stress: Analysis of the stress in the workpiece 
material during machining is an important step in studying the material behavior during 
the cutting process. The FE model is utilized for investigating the effect of cutting speed 
on stress distribution during MMC machining. Figure 4.28 shows the distribution of stress 
in the matrix phase of MMC during machining with different cutting speeds. These stress 
distributions are captured at a single time frame. As expected in a metal cutting 
operation, the areas with large stress are located in the primary and secondary shear 
zones. However, because of existence of reinforcements in the MMC, the stress 
distribution is slightly altered; the maximum stress during MMC cutting is seen close to 
the cracks around the particles. This is different from machining monolithic materials, 
where the maximum stress occurs in the primary shear zone. This observation can be 
attributed to the stress concentration around the cracks at the particle-matrix interface 
in MMCs. 
Figure 4.28 also shows a decrease in the level of stress in the shear zones with an 
increase of the cutting speed. An increase in cutting speed results in higher strain rate and 
higher temperature in the material. Both of these factors result in a reduction in matrix 
material strength and lower stress and cutting forces. 





(a) v=30 m/min 
 
(b) v=60 m/min 
 
(c) v=100 m/min 
Figure 4.28 Distribution of stress (MPa) in the matrix during cutting MMC with different cutting speeds 











Stress distribution in the particulate reinforcements during machining is presented 
in Figure 4.29 for different cutting speeds. This figure shows concentration of stress in the 
particles in the primary shear zone. This stress concentration can result in cracking and 
breakage of particles during cutting. 
Figure 4.29 also shows a decrease in the particle stress with the increase of cutting 
speed. As mentioned earlier, this decrease, which is consistent with the decrease in stress 
in the matrix, is a result of matrix material softening which is caused by higher strain rate 
and temperature. 
Figure 4.30 illustrates the Johnson-Cook damage parameter beneath the machined 
surface along the cutting path during machining with different cutting speeds. The 
maximum value of 1.0 for this damage parameter is a sign of complete failure. It is evident 
in this figure at most points, as the cutting speed is increased, the damage beneath the 
surface decreases. This observation can be explained by considering the parameters 
affecting the ductile damage, as described in equations (2-13) and (2-14). According to 
these equations, increasing temperature and strain rate result in a higher value of strain 
to fracture. Thus, with similar strain conditions, the damage parameter, which is defined 
as strain divided by strain to fracture, will be smaller when temperature and strain rate 
are increased. Therefore, higher cutting speed results in lower damage beneath the 
machined surface. 





(a) v=30 m/min 
 
(b) v=60 m/min 
 
(c) v=100 m/min 
Figure 4.29 Distribution of stress (MPa) in particles during cutting MMC with different cutting speeds (Al 
6061/20% 23 μm Al2O3, rake angle=0°, width of cut=1 mm) 





Figure 4.30 Damage beneath the machined surface along the cutting line for various cutting speeds (Al 
6061/20% 23 μm Al2O3, rake angle=0°, width of cut=1 mm) 
The FE model presented in this section was utilized for studying MMC machining 
using various cutting speeds. Due to the comprehensive nature of the developed FE 
model, i.e. simulation of all phases of MMC during cutting using the finite element 
method, the model was successful in providing a complete understanding of MMC 
behavior and tool-reinforcement interactions when machining using different cutting 
speeds. 
4.5.3 Model III, analysis of plastic deformation: Plastic deformations in the 
workpiece material are a major factor contributing to the variation of the behavior of 


































deformations, particularly around the brittle reinforcements. These deformations will 
then cause different types of fracture and debonding in particles. 
 
Figure 4.31 Analysis of the effect of using ALE adaptive meshing on mesh quality (Al 6061/10% 17 μm 
Al2O3, v=60 m/min, rake angle=6°, width of cut=1 mm) 
Mesh quality deteriorated 
due to large deformations 
 




As mentioned previously, the large deformations during the cutting process can 
lead to severe degradation of mesh quality in the chip area during finite element modeling 
using Lagrangian analysis. In order to overcome this obstacle, the ALE adaptive meshing 
technique is used in model III. Figure 4.31 shows the effect of using ALE technique on the 
mesh quality. Comparison of the two models depicted in this figure shows that using the 
ALE technique can immensely improve the mesh quality, especially around the particles. 
The ALE technique avoids a large increase in the element aspect ratios as a result of 
deformations during machining. 
Plastic deformation in the matrix phase of MMC can be measured using equivalent 
plastic strain, as shown in Figure 4.32. This figure illustrates the unique shape of plastic 
deformations during MMC machining. Existence of reinforcements leads to non-uniform 
plastic strains in MMCs, which is different from the deformations observed in machining 
monolithic materials. Figure 4.32 depicts the zones of high deformation along the 
particles as well as the zones of low deformation between the particles. This figure also 
shows the high plastic strain in the matrix areas adjacent to the particles. The stress 
distribution in particles, shown in Figure 4.32, proves that the large plastic strains in the 
matrix results in high stress concentration in the particles, which can cause particle 
fracture. 





Figure 4.32 Equivalent plastic strain during MMC cutting (Al 6061/10% 17 μm Al2O3, v=60 m/min, rake 
angle=6°, width of cut=1 mm) 
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Figure 4.33 shows the plastic deformation beneath the machined surface. This 
plastic deformation is due to the interaction between the cutting tool and a particle along 
the cutting line. This interaction, which leads to particle debonding, causes a local increase 
in the plastic strain beneath the surface adjacent to particle cavity. 
 
Figure 4.33 Equivalent plastic strain during interaction between cutting tool and a particle located on 
the cutting line (Al 6061/10% 17 μm Al2O3, v=60 m/min, rake angle=6°, width of cut=1 mm) 
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Figure 4.34 Equivalent plastic strain during interaction between cutting tool and a particle located 
above the cutting line (Al 6061/10% 17 μm Al2O3, v=60 m/min, rake angle=6°, width of cut=1 mm) 
In Figure 4.34, the plastic deformation beneath the surface due to interaction 
between the tool and a particle located above the cutting line is depicted. This figure 
proves that because of the particle, the plastic strain beneath the surface is very low; this 
strain is even lower than the areas where there is no tool-particle interaction. The reason 
for this observation is that in this area, chip is formed through debonding of particle, 
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which causes minimal plastic deformation beneath the surface. This is different from the 
areas with no tool-particle interaction, where chip is formed due to separation of the 
matrix. 
 
Figure 4.35 Equivalent plastic strain during interaction between cutting tool and a particle located 
below the cutting line (Al 6061/10% 17 μm Al2O3, v=60 m/min, rake angle=6°, width of cut=1 mm) 
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Figure 4.35 illustrates the plastic deformation beneath the surface in the interaction 
between tool and a particle located below the cutting line. Here, the cutting tool pushes 
the particle into the machined surface. The plastic deformation observed in this case is 
not as large as the one seen in the first interaction (between cutting tool and particle 
located on the cutting line). 
4.6 Closing remarks 
Details of finite element modeling of machining particle-reinforced MMCs were 
presented in this chapter. The finite element models were utilized for analysis of various 
unique aspects of MMC machining. The developed FE models simulated the main phases 
of a real MMC workpiece, namely the matrix phase, the particle phase, and the matrix-
particle interface. Thus, the developed models were successful in providing an accurate 
description of the MMC behavior during the cutting process along with all the interactions 
between the particles, the matrix, and the cutting tool. This achievement differentiates 
the developed models from the previously developed FE models for MMC machining. In 
the next chapter, details of analytical modeling for studying the MMC machining process 






Chapter 5 Analytical Model for Cutting 
Force 
5.1 Introduction 
The mechanistic models for simulation of cutting force are developed based on the 
single shear plane model for the cutting process. The assumptions that are used in these 
models are far from reality and thus, mechanistic models lack the ability to provide an 
accurate estimation of the cutting forces [61, 72]. On the other hand, models for 
calculation of cutting force that are developed based on the consumption of energy in 
different parts of the cutting system can provide a more comprehensive analysis of the 
cutting process and a more accurate estimation of the cutting force. An example of these 
models is the work by Kishawy et al. [75] for prediction of the cutting forces during the 
broaching operation. In this section, a novel model for prediction of cutting force during 
machining MMCs based the energy consumption in the cutting system is proposed. This 
model uses a conventional constitutive equation which has been used by researchers for 
modeling material behavior during machining. 




5.2 Modeling cutting force based on partition of energy 
5.2.1 Energy partition of cutting system: According to Astakhov and Xiao [74], the 
total power consumption in the cutting system for a monolithic material is the sum of 
power consumption for plastic deformation, power spent at the tool-chip interface, 
power spent at the tool-workpiece interface, power required for formation of new 
surfaces, and the power spent due to the effect of the minor cutting edge. During MMC 
machining, debonding of reinforcements leads to addition of an extra term to the total 
power consumption of the cutting system. Therefore, the total power consumption in the 
MMC cutting system, 𝑃𝑐, can be written as: 
𝑃𝑐 = 𝑃𝑝𝑑 + 𝑃𝑡𝑐 + 𝑃𝑡𝑤 + 𝑃𝑓𝑛𝑠 + 𝑃𝑚𝑛𝑐 + 𝑃𝑑𝑒𝑏    
where 𝑃𝑝𝑑 is the power required for plastic deformation, 𝑃𝑡𝑐  is the power consumption 
at tool-chip interface, and 𝑃𝑡𝑤 is the power consumption at tool-workpiece interface. 𝑃𝑓𝑛𝑠 
and 𝑃𝑚𝑛𝑐  are the power for formation of new surfaces and the power due to minor cutting 
edge, respectively. 𝑃𝑑𝑒𝑏 denotes the power required for debonding of particles during 




    
where 𝑣 is the cutting velocity. 
In the next parts, each of the power components for the MMC machining system 
will be calculated. It should be noted that the power required for formation of new 




surfaces is considered to be negligible in this research as its effect is shown to be minimal 
in experiments with low to medium cutting speeds [74]. 
5.2.2 Power for plastic deformation: Strain energy density can be used for 
calculation of the power required for plastic deformation of material layer being removed. 




    
Here, 𝐴𝑐 is the area of the cross-section of the uncut chip and is obtained using the 
following equation: 
𝐴𝑐 = 𝑑𝑐𝑓    
where 𝑑𝑐 is the depth of cut and 𝑓 is the feed rate. 
Several equations exist in the literature for describing the constitutive behavior of 
the material. One of the most commonly used constitutive equations for modeling 
material behavior during processes that involve large strains, high strain rates, and high 
temperatures is presented by Johnson and Cook [80]. Since this model is proven to be 
able to provide an accurate simulation of material behavior during machining [120], it will 
be used in this section. Using equation (2-12), the power required for plastic deformation 
can be calculated as shown in equation (5-5). 
𝑃𝑝𝑑 = 𝑣𝐴𝑐 (𝐴𝜖 +
𝐵
𝑛 + 1
𝜖𝑛+1) [1 + 𝐶 ln (
𝜖̇
𝜖0̇
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The equivalent plastic strain, 𝜖 , during machining can be obtained as a function of 
chip compression ratio [121]: 
𝜖 = 1.15 ln      
where  is the chip compression ratio and is defined as the ratio of the chip thickness to 
the uncut chip thickness. 
5.2.3 Power for friction at tool-chip interface: Flow of the chip over the rake face 
of the cutting tool requires overcoming the friction between the MMC chip surface and 
the tool rake face. 
 Tool-chip friction force: The friction force at the tool-chip interface, 𝐹𝑓, is considered 
to be the sum of the friction at the tool-particle interface (𝐹𝑓𝑃) and the friction at the tool-
matrix interface (𝐹𝑓𝑀): 
𝐹𝑓 = 𝐹𝑓𝑃 + 𝐹𝑓𝑀     
 Tool-matrix interface: The friction at the tool-matrix interface is similar to the friction 
between the tool and the chip produced during cutting a monolithic material. Thus, this 
friction force can be calculated as [74]: 
𝐹𝑓𝑀 = 𝜏𝑐𝑙𝑐𝑏1𝑇     
where 𝜏𝑐 is the average shear stress at the tool-chip contact, 𝑏1𝑇 is the true chip width, 
and 𝑙𝑐 is the tool-chip contact length. Equations (5-9) and (5-10) can be used for 
calculation of 𝜏𝑐 and 𝑙𝑐 [74]. 




𝜏𝑐 = 0.28𝜎𝑅     
𝑙𝑐 = 𝑡1𝑇
1.5     
Here, 𝜎𝑅 is the ultimate tensile strength of the matrix material and 𝑡1𝑇 is the true uncut 
chip thickness. Astakhov [61] has provided equations for calculation of the true chip width 
(𝑏1𝑇) and uncut chip thickness (𝑡1𝑇) for various cutting geometries. 
 Tool-particle interface: The friction at the tool-particle interface is considered to be a 
combination of two-body abrasive friction and three-body rolling friction [81]. Particles in 
the MMC chip can get involved in abrasion of the cutting tool as long as they are attached 
to the matrix. When debonded from the chip, these hard particles can roll between the 
matrix and the cutting tool. Thus, the total friction force at tool-particle interface will be 
obtained by: 
𝐹𝑓𝑃 = 𝐹f-2body + 𝐹f-3body     
where 𝐹f-2body is the two-body abrasion friction and 𝐹f-3body represents the three-body 
rolling friction. 
The two-body friction force component (ploughing force component of friction) can 
be found as a function of tool material Vickers hardness, 𝐻tool, and contact conditions 
[81]: 
𝐹f-2body = 𝑁𝑝𝐴𝑖𝐻tool𝑡2body     
In equation (5-12), 𝑡2body is the fraction of particles involved in two-body abrasion, 
which is assumed to be 40% for the type of MMC studied in this research. The same 




assumption has been used by researchers in this field [81]. 𝑁𝑝 is the number of particles 




     
where 𝑉𝑓 and 𝑅 are the volume fraction and average radius of particles, respectively. 𝐴𝑖  




[2 𝑝 − sin(2 𝑝)]     






)     
As presented by Jiang et al. [122] when modeling two-body abrasive wear, the groove 











𝑅     
where 𝐸∗ is the combined modulus and can be obtained as a function of tool and particle 











     
Parameters used in these calculations are shown in Figure 5.1. 





Figure 5.1 Parameters of two-body abrasive contact between the particle and cutting tool 
The three-body rolling friction can be calculated using the three-body friction 
coefficient, 𝜇3body, and the total normal force between particles and the tool rake face, 
𝐹𝑁, using equation (5-18) [81]. 
𝐹f-3body = 𝜇3body𝐹𝑁     
The total normal force can be calculated using the force exerted by one particle, 
𝐹𝑁𝑖, and the number of particles at the tool-chip interface: 
𝐹𝑁 = 𝐹𝑁𝑖𝑁𝑝     
The equation for calculation of the force exerted by an individual particle has been 
developed by Jiang et al. [122] in their two-body wear studies: 
𝐹𝑁𝑖 = 0.967𝜋𝑅𝐻tool𝛿𝑝0     
Calculation of the three-body rolling friction coefficient has been presented by 
Goddard and Wilman [123]: 




















}     
where 𝑟groove is equal to half of the groove width (as shown in Figure 5.1). 𝑠 and 𝑝𝑚 are 
the shear stress at the contact interface and maximum tool material flow stress, 
respectively. The ratio of 𝑠/𝑝𝑚 is assumed to be approximately equal to 1/6, as suggested 
by Sin et al. [124] in their abrasive wear studies. 
5.2.4 Power for friction at tool-workpiece interface: The power consumption at 
the tool-workpiece interface during machining MMC is assumed to be equal to the power 
consumption at this interface during cutting a monolithic material. This assumption has 
been used by other researchers in the field [12]. Thus, the power dissipation due to 
friction at tool-workpiece interface can be calculated using the model provided by 




     
In equation (5-22), 𝜏𝑦 is the shear strength of the matrix material, 𝜌𝑐𝑒 is the cutting edge 
radius, and 𝛼 is the normal flank angle of the cutting tool. 𝐵𝑟 is the Briks similarity 





    
where 𝛾 represents the normal rake angle of the cutting tool. 




5.2.5 Power due to effect of minor cutting edge: The minor cutting edge can have 
a significant influence on the total power consumption of the cutting system. This effect 
mainly depends on the minor cutting edge angle, 𝜅𝑟1. An ideal cutting edge with 𝜅𝑟1 =
90° will have no minor cutting edge effect on the power consumption. However, when 
using real cutting inserts in everyday machining practice, the minor cutting edge effect 
should be considered. Through analysis of experimental results, researchers have 
provided factors for increase in the total power consumption as a result of minor cutting 
edge for various angles [74]. These factors are presented in Table 5.1. 
Table 5.1 Increase in power consumption due to the effect of minor cutting edge 
Minor cutting edge angle (𝜅𝑟1) Increase in total power consumption 
30° ≤ 𝜅𝑟1 ≤ 45° 14% 
15° ≤ 𝜅𝑟1 < 30° 17% 
10° ≤ 𝜅𝑟1 < 15° 20% 
𝜅𝑟1 < 10° 23% 
 
5.2.6 Power for debonding of reinforcements: The power dissipated as a result of 
debonding of the reinforcements during machining MMCs depends on the energy 
absorbed during failure of the bond of each particle and the probability of debonding of 
the reinforcement. Hence, the power for debonding can be obtained as the product of 
number of debonded particles and the energy required for debonding of each particle 
using equation (5-24). 
𝑃𝑑𝑒𝑏 = 𝐴𝑐𝑣𝑉𝑓𝑃𝑓𝑟 (
3
4𝜋𝑅3
) Γ     




where 𝑃𝑓𝑟 is the probability of debonding of the reinforcement and Γ is the energy 
required for debonding of one particle. 
According to Nicholson’s work on the detachment of reinforcements from an elastic 
matrix [109], the energy required for failure of the unit area of bond between the 








]     
where 𝐸𝑚𝑎𝑡 and 𝜈𝑚𝑎𝑡 are the matrix modulus of elasticity and Poisson’s ratio, 
respectively. Thus, the energy absorbed during debonding of a particle, Γ, can be obtained 
as: 
Γ = 4𝜋𝑅2𝑢     
Probability of debonding for particles in MMCs can be modeled using the weakest 
link model proposed by Weibull [125]. For spherical particles, the probability of 
debonding, 𝑃𝑓𝑟, can be written as [104]: 








]     
In equation (5-27), 𝑞 is the Weibull inhomogeneity factor and 𝜎0 and 𝑑𝑁 are normalizing 
constants. 
The equations presented in this section can be used for calculation of various 
components of machining power. The flowchart for calculation of cutting force is 
presented in Figure 5.2. 




Power for plastic 
deformation
















friction Power for friction 
at tool-workpiece 
interface
Power due to 











Figure 5.2 Flowchart for calculation of cutting force 
5.3 Experimental verification of model results 
Verification of the proposed force model is achieved through comparison of the 
model results with experimental data. Orthogonal cutting tests were performed on Al 
6061/Al2O3 and Al 7075/Al2O3 particle reinforced MMCs. Two sets of tungsten carbide 
cutting inserts with 0° and 6° rake angles were used for turning experiments. Both sets of 
inserts have a flank angle of 11° and a minor cutting edge angle of 30°. Workpiece and 
tool material properties are listed in Table 5.2. Cutting test parameters are provided in 
Table 5.3. 




Table 5.2 Properties of the workpiece and tool materials 
Tool Vickers hardness [126] 23.5 
Tool modulus of elasticity (GPa) [126] 668.35 
Tool Poisson’s ratio [126] 0.24 
Particle modulus of elasticity (GPa) [118] 416 
Particle Poisson’s ratio [118] 0.231 
 Al 6061 Al 7075 
Matrix ultimate tensile strength (MPa) [127] 310 572 
Matrix shear strength (MPa) [127] 207 331 
Matrix modulus of elasticity (GPa) [127] 68.9 71.7 
Matrix Poisson’s ratio [127] 0.33 0.33 
Particle volume fraction (%) 10, 20 10, 15 
Average particle diameter (µm) 9.5, 17, 20, 23, 25 15, 17 
Johnson-Cook model parameters [117, 128]   
𝐴 (MPa) 324 496 
𝐵 (MPa) 114 310 
𝐶 0.002 0.0 
𝑛 0.42 0.3 
𝑚 1.34 1.2 
𝑇melt (°C) 582 635 
𝑇transition (°C) 20 20 
𝜖0̇ 1.0 1.0 
 
Table 5.3 Parameters of the cutting tests 
Feed rate (mm/rev) 0.1, 0.15, 0.175, 0.2 
Cutting speed (m/min) 30, 60, 100 
Depth of cut (mm) 3 
 
5.4 Results and discussion 
Experimental values for the cutting force are compared with the values obtained 
from the developed model as shown in Figure 5.3 and Figure 5.4. It is clear from these 
figures that model results are in very good agreement with the experimental data. The 




maximum difference between the predicted cutting force and experimental value is 8.3%, 
which is only seen in one of the tests (Machining Al6061/10% 17 µm Al2O3 with a feed 
rate of 0.1 mm/rev). In all other cutting tests, the deviation between predicted and 
measured results is less than 5%. This demonstrates the ability of the proposed force 
model to simulate the MMC machining process. 
Power partition of MMC machining system is shown in Figure 5.5. As can be seen, 
the major power dissipation during machining is related to the plastic deformation of 
matrix material while the debonding of particles has the least influence on the total power 
consumption. Figure 5.5 also shows the increase in components of power consumption 
with an increase in feed rate. It should be noted that as the feed rate increases from 0.1 
mm/rev to 0.15 mm/rev, all power components increase by around 40% except the power 
dissipation at the tool-workpiece interface, which displays an increase of only 1.5%. This 
observation is expected as the feed rate does not have a considerable influence on the 
tool-workpiece interface. 
  





(a) Al 6061/10% 17 µm Al2O3 
 
(b) Al 6061/20% 23 µm Al2O3 
Figure 5.3 Comparison of cutting force from experiments and developed model at various feed rates for 






















































(a) Al 7075/10% 15 µm Al2O3 
 
(b) Al 7075/15% 17 µm Al2O3 
Figure 5.4 Comparison of cutting force from experiments and developed model at various feed rates for 






















































Figure 5.5 Partition of power consumption in the MMC machining system for various feed rates (Al 
6061/10% 17 µm Al2O3, v=60 m/min, rake angle=6°) 
Figure 5.6 compares the experimental and predicted cutting force during machining 
MMC at different cutting speeds. This figure shows excellent agreement between the 
predicted and measured values; the maximum difference here is 2.2% for the case of 
machining at 60 m/min while the average difference between experimental and model 
results is 1.0%. The trend seen in this figure is expected as cutting force usually decreases 
with an increase in the cutting speed. This comparison proves the applicability of the 





















Figure 5.6 Comparison of cutting force from experiments and predictions by proposed model at various 
cutting speeds for machining Al 6061/20% 23 µm Al2O3 (feed rate=0.1 mm/rev, rake angle=0°) 
Figure 5.7 shows the power partition of MMC machining system for various cutting 
speeds. As expected, the power required for plastic deformation of matrix material is the 
major component in total power consumption. This figure also shows an increase in 
components of power consumption with the increase in cutting speed. However, since 
the increase in power is less than the increase in the speed, the resulting cutting force will 
drop. As an example, as the speed increases from 30 m/min to 60 m/min (100% increase), 
the power components will increase by an average of only 91%; the maximum increase is 
seen in the power at tool-workpiece interface (around 100%) while the minimum increase 
occurs for the power for particle debonding (around 83%). This is because the cutting 
speed does not have direct influence on most of the power components of the MMC 


























cutting speed and consequently, the cutting force, which is calculated as the total power 
divided by the cutting speed, decreases. 
 
Figure 5.7 Partition of power consumption in the MMC machining system for various cutting speeds (Al 
6061/20% 23 µm Al2O3, feed rate=0.1 mm/rev) 
Cutting forces obtained from experiments are compared with model predictions for 
different particle sizes as shown in Figure 5.8. The relative difference between model 
results and experimental values ranges from 4.6% for a particle diameter of 9.5 µm to 
10.4% for a particle diameter of 25 µm. Although these predictions may be acceptable, 
considering the wide range of particle sizes covered in this graph, the deviation of model 
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presented in this section relies on a conventional constitutive equation that was proposed 
for traditional monolithic materials. In the next chapters, novel models will be developed 
that would better describe MMC behavior during machining. 
 
Figure 5.8 Comparison of cutting force from experiments and predictions by proposed model for 
machining Al 6061/20% Al2O3 with various particle diameters (v=30 m/min, feed rate=0.1 mm/rev) 
 
5.5 Closing remarks 
A novel force model for prediction of cutting force during machining MMCs was 
presented in this chapter. The force model was developed based on partition of power 
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were calculated. Comparison with experimental results for machining various composites 
at different feed rates and cutting speeds confirms the ability of the proposed model to 
accurately predict the cutting forces during machining MMCs. Nevertheless, the 
developed model relied on a conventional constitutive equation that was proposed for 
traditional monolithic materials. As a result, the model predictions for MMCs with 
different particle sizes were not as accurate. In order to address this issue, in the next 
chapter a novel constitutive equation will be proposed that would describe the explicit 






Chapter 6 Novel Constitutive Model for 
MMC Behavior during 
Machining 
6.1 Introduction 
The analytical models used by researchers for describing MMC behavior during 
machining have been relatively successful in defining the effects of some unique features 
of MMCs, such as volume fraction and size of reinforcements, on different process 
outputs. However, these models rely on constitutive equations that are usually utilized 
for modeling traditional monolithic materials. As a result, in these constitutive equations, 
the relationship between the process parameters and the unique MMC features is not 
explicitly described. Instead, the effect of MMC features is implicitly embedded in the 
model constants. 
Mechanics of chip formation and cutting process are mainly affected by the 
behavior of workpiece material during machining. Constitutive models are used for 




simulation of this behavior. These models are commonly in the form of relations between 
flow stress, strain, strain rate, and temperature. For the case of MMCs, the constitutive 
model should also incorporate the unique composite characteristics, namely volume 
fraction and size of reinforcements. 
In this chapter, the models used by researchers for simulation of MMC behavior will 
be presented. Then, using the ideas offered in these models, a novel constitutive equation 
for simulation of the behavior of particulate MMCs during cutting will be developed. This 
equation will establish a meaningful connection between the MMC behavior and its 
unique features. 
6.2 Models used for simulation of MMC behavior 
6.2.1 Johnson-Cook equation: The model developed by Johnson and Cook [80] for 
monolithic materials has been used by some researchers for simulation of MMC behavior 
[12, 81]. This model is shown in equation (6-1). 
𝜎 = (𝐴 + 𝐵𝜖𝑛) [1 + 𝐶 ln (
𝜖̇
𝜖0̇






   
The empirical model shown in equation (6-1) combines the three terms that account 
for material’s quasi-static behavior, strain rate dependence, and temperature 
dependence, respectively. It is clear that in this model, the effects of MMC’s particle size 
and volume fraction are not explicitly described and are embedded in the material 




constants, 𝐴, 𝐵, 𝐶, 𝑛, and 𝑚. Therefore, a new set of constants should be obtained using 
experiments for each MMC with different size and volume fraction of particles. 
6.2.2 Li and Ramesh equation: Li and Ramesh [129] performed several experiments 
to understand the influence of volume fraction of reinforcements on the behavior of 
MMCs. Using these experimental results, they proposed the following empirical model: 











   
In equation (6-2), 𝜎0(𝜖) is the stress-strain response of the matrix material at quasi-
static deformation. 𝑔(𝑉𝑓) denotes a polynomial function of particle volume fraction, 𝑉𝑓, 
that demonstrates the effect of volume fraction on the quasi-static response. 𝑟 and 𝜖0̇0 
are rate sensitivity parameters for the matrix material. 
Equation (6-2) ignores the effect of temperature on the material behavior. 
Moreover, in the model presented by Li and Ramesh, the effect of reinforcement size is 
not considered. Despite these shortcomings, this model provides a basic understanding 
of the effect of particle volume fraction on the MMCs’ constitutive behavior. 
6.2.3 Particle-matrix interface model: The interface constitutive equations were 
proposed by Needleman [110]. This model was used by researchers for investigation of 




void formation around reinforcements in MMCs [130, 131]. A more general form of this 
model is proposed by Tvergaard [112, 132]. 
According to this interface model, the normal traction at the interface, 𝑇𝑛, is given 




𝑐 𝐹(𝜆)    
where 𝛿𝑛 is the separation at the interface and 𝛿𝑛
𝑐 is the characteristic interface length. 𝜆 
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where 𝜎max,int is the interface strength. The characteristic interface length can be 






   
The interface constitutive model presented here is a traction-separation law which 
can be used for analysis of degradation of the particle-matrix interface during MMC 
machining. 




6.3 Development of a novel constitutive model 
A novel constitutive equation for simulation of MMC behavior during machining will 
be developed in this section. The main part of plastic deformation during material 
removal occurs in the primary shear zone. Thus, a constitutive equation for the cutting 
process should provide an estimation of flow stress in this zone. 
6.3.1 Flow stress in primary shear zone: As shown in Figure 6.1, an element in MMC 
shear zone can consist of three parts, namely undamaged material, debonded particles 
where the particle-matrix bond is degraded, and cracked particles. According to the rule 
of mixtures, the flow stress in this shear zone is assumed to be a linear combination of 
flow stress in each of these parts: 
𝜎 = 𝐻1𝜎undamaged + 𝐻2𝜎debonded + 𝐻3𝜎cracked 
   
where 𝐻1, 𝐻2, and 𝐻3 are empirical constants. The stress in each of the three parts of the 
shear zone will be calculated in the following sections. 





Figure 6.1 Schematic describing different deformation patterns in the primary shear zone during MMC 
cutting 
6.3.2 Stress in undamaged part of primary shear zone: The stress in undamaged 
part of primary shear zone can be modeled using a modified form of Johnson-Cook 
equation. Modification of this equation can be performed using the analysis presented in 
the Li and Ramesh model. This model, which was presented in section 6.2.2, describes the 
effect of particle volume fraction on MMCs’ quasi-static behavior. This effect was 
modeled using a polynomial function. Li and Ramesh model also showed that volume 
fraction can alter the influence of strain rate on the MMC behavior. Using these findings, 
equation (6-8) is proposed for calculation of von Mises flow stress, 𝜎undamaged. 




𝜎undamaged = (𝐴 + 𝐵𝜖
𝑛) × 𝑔(𝑉𝑓) × [1 + 𝐶 ln (
𝜖̇
𝜖0̇










   
In equation (6-8), the quasi-static effect, the strain rate effect, and the temperature 
effect are modeled similar to the Johnson-Cook equation. Addition of the terms 𝑔(𝑉𝑓) 
and [1 + 𝐶𝑉𝑓 ln(𝜖̇ 𝜖0̇⁄ )] are to account for the volume fraction effects. 
6.3.3 Stress in debonded part of primary shear zone: Debonding of particles in 
the MMC occurs as a result of degradation of the particle-matrix interface. Since initiation 
of fracture around the particle is a prerequisite for debonding, stress in the debonded 
area is assumed to be a function of probability of fracture and particle stress, as shown in 
equation (6-9). 
𝜎debonded = (𝑉𝑓 . 𝑃𝑓𝑟) × 𝜎𝑃 
 
   
where 𝜎𝑃 is the particle stress and 𝑃𝑓𝑟 is the probability of fracture in the particles. In 
equation (6-9), (𝑉𝑓 . 𝑃𝑓𝑟) denotes the volume fraction of particles involved in debonding.   
Probability of fracture can be modeled using Weibull’s weakest link model, as shown in 
equation (6-10) [104]. 










   
In equation (6-10), 𝑞 is the Weibull inhomogeneity factor and 𝜎0 and 𝑑𝑁 are normalizing 
constants. 𝑑 denotes the particle diameter. 




The stress in the particle depends on the level of degradation of the particle-matrix 
interface and stress in the matrix around the particle. Using the traction-separation law, 
presented in section 6.2.3, for this interface and Johnson-Cook equation for the matrix, 















   
Equation (6-11) is developed based on the assumption that stress in the particle is 
equal to the stress in the matrix as long as the particle-matrix interface is not degraded. 
When damage is initiated in the interface, the particle stress decreases until the particle 
becomes stress free after full debonding.  
6.3.4 Stress in cracked part of primary shear zone: Stress in the cracked part of 
shear zone will be affected by initiation and evolution of cracks in the particles. Therefore, 
it is assumed that in this area, stress is a function of stress in the surrounding undamaged 
area and probability of initiation and evolution of cracks in the particles. Based on this 
assumption, equation (6-12) can be developed for estimation of stress in the cracked area 
of shear zone. 
𝜎cracked = (𝑉𝑓 . 𝑃𝑓𝑟) × (𝐴 + 𝐵𝜖




× [1 + 𝐶𝑉𝑓 ln (
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Having obtained the different terms of stress, equation (6-7) can now be used for 
calculation of total flow stress in the primary shear zone. 
6.4 Closing remarks 
The constitutive model presented in this chapter overcomes the shortcomings of 
previous models. One of the most significant achievements of the developed model is 
incorporation of the effects of MMC’s unique features, i.e. MMC’s parameters are 
explicitly included in the equations and are not embedded in equation constants. As a 
result, constants in this equation are independent of particle volume fraction and size. 
Therefore, the same constants can be used for all MMCs with similar matrix and particle 
materials even if volume fraction and size of reinforcements are different. This 
achievement makes this model unique in that it clarifies the relationships between MMC 
characteristics and the material behavior. In the next chapter, the developed constitutive 






Chapter 7 Calculation of Cutting Force 
Using the Developed 
Constitutive Model 
7.1 Introduction 
In the previous chapter, a novel constitutive equation for simulation of MMC 
behavior during machining was proposed. This constitutive equation can be used in a 
model for prediction of cutting force. Development of a force model is required for 
validation of the constitutive equation through comparison with experimental data. This 
is because the direct output of the constitutive equation, which is the flow stress in the 
primary shear zone, is not a parameter which can be measured in the cutting tests. On 
the other hand, cutting force is a parameter which can be measured directly in the 
machining experiments and compared with model predictions. Therefore, in this chapter, 
a model for prediction of cutting force using the proposed constitutive equation will be 
developed and the model’s applicability will be verified through comparison with 
experimental data. 




7.2 Modeling cutting force based on energy partition 
The cutting force model presented in this section is an energy-based model that is 
similar to the model developed in Chapter 5. This model is obtained by considering the 
power balance in the cutting system. Using this approach, the cutting force, 𝐹𝑐, can be 
calculated using the model of energy partition in metal cutting as described in 





𝑃𝑝𝑑 + 𝑃𝑡𝑐 + 𝑃𝑡𝑤 + 𝑃𝑓𝑛𝑠 + 𝑃𝑚𝑛𝑐
𝑣
    
In equation (7-1), 𝑃𝑐  is the total cutting power and 𝑣 is the cutting speed. 𝑃𝑝𝑑 ⁡ 
represents the power consumption for plastic deformation due to material layer removal, 
while 𝑃𝑡𝑐  denotes the power spent at the tool-chip interface and 𝑃𝑡𝑤 is the power spent 
at the tool-workpiece interface. 𝑃𝑓𝑛𝑠 and 𝑃𝑚𝑛𝑐  are the power consumption for formation 
of new surfaces and the power spent due to the effect of minor cutting edge, respectively. 
The constitutive equation developed in Chapter 6 previous chapter, will be used to 
calculate the power required for plastic deformation, which is the major part of power 
consumption in the machining system. Equations for obtaining the power spent at the 
tool-chip and tool-workpiece interfaces as well as the effect of the minor cutting edge are 
provided in Chapter 5. 




7.3 Implementation of the developed constitutive equation 
7.3.1 Power for plastic deformation: The developed constitutive equation provides 
the flow stress in the primary shear zone as a function of strain, strain rate, temperature, 
and MMC characteristics, namely volume fraction and size of particles. This equation can 
be used for calculation of the power required for plastic deformation during material 
removal. This plastic deformation occurs in the primary shear zone. Using the strain 




    
where 𝐴𝑐 is the cross-sectional area of the uncut chip. Flow stress, 𝜎, can now be replaced 
using the developed constitutive model (equation (6-7)) to obtain the following equation. 
𝑃𝑝𝑑 = 𝑣𝐴𝑐∫(𝐻1𝜎undamaged + 𝐻2𝜎debonded +𝐻3𝜎cracked)𝑑𝜖
𝜖
0
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In equation (7-4), the first term represents the power for deformation in the 
undamaged material while the second and third terms denote the power for deformation 
in the debonded and cracked parts of the primary shear zone, respectively: 
𝑃𝑝𝑑 = 𝐻1𝑃𝑝𝑑-undamaged +𝐻2𝑃𝑝𝑑-debonded + 𝐻3𝑃𝑝𝑑-cracked    
The second and third terms in equation (7-4) cannot be integrated analytically and 
numerical integration techniques should be used. In the following sections, calculation of 
the parameters required for using equation (7-4) will be detailed. 
7.3.2 Equivalent plastic strain: Traditional methods for calculation of shear strain, 
such as the one proposed by Merchant [59], were obtained using pure geometrical 
assessment of chip formation. However, as pointed out by Astakhov and Shvets [121], 




Merchant’s method can lead to erroneous results as it ignores the changes in chip’s 
internal energy, dislocation concentration, etc. 
Using an analysis of the work of external force during plastic deformation in metal 
cutting, Astakhov and Shvets [121] proposed the following equation for calculation of the 
plastic strain, 𝜖. 
𝜖 = 1.15 ln  
   
where  is the chip compression ratio and is defined as the ratio of the chip thickness to 
the uncut chip thickness. 
7.3.3 Cutting zone temperature: According to Oxley [68], the temperature in the 
primary shear zone, 𝑇𝑠, during metal cutting can be calculated using the following 
equation. 
𝑇𝑠 = 𝑇𝑤 + Δ𝑇𝑠    
where 𝑇𝑤 is the initial workpiece temperature and  (0 < ≤ 1) is the factor 
representing the amount of plastic work that occurs in primary shear zone. An 
approximate average value of ≈ 0.7 can be used as an assumption [133]. Δ𝑇𝑠 is the rise 








]    
Here, 𝜌 is the density of workpiece material, 𝑐 is the specific heat, and 𝜙 denotes 
the shear angle and is given by 











   
𝜆𝑠 is the factor representing the amount of heat transformed into work and is given 
using the empirical relations presented by Oxley [67]. 
𝜆𝑠 = {
0.5 − 0.35 log(𝑅𝑇 tan𝜙) for⁡0.04 ≤ 𝑅𝑇 tan𝜙 ≤ 10.0
0.3 − 0.15 log(𝑅𝑇 tan𝜙) for⁡𝑅𝑇 tan𝜙 > 10.0
    




    
where 𝑘 is the workpiece material thermal conductivity. In equation (7-8), 𝐹𝑠 denotes the 
shear force and is calculated by 
𝐹𝑠 = √𝐹𝑐2 + 𝐹𝑡
2 cos(𝜙 + 𝛽 − 𝛾)    
In equation (7-12) 𝐹𝑡 is the thrust force and 𝛽 is the friction angle and is given by 




   
The equations presented in this section will be used for calculation of temperature 
during machining. Since cutting force is required in calculation of temperature, these 
equations will be used in an iterative solver for calculation of cutting force. 




7.3.4 Strain rate: Calculation of strain rate can be performed using empirical 






   
where 𝑣𝑠 and 𝑙 are the shear velocity and shear length, respectively, and are calculated 








   
7.4 Experimental verification of model results 
Applicability of the force model, which is based on the developed constitutive 
equation, can be confirmed through comparison with experimental data. Cutting 
experiments were performed on Al 6061/Al2O3 and Al 7075/Al2O3 particle reinforced 
MMCs using tungsten carbide cutting tools. The cutting tools have rake angles of 0° and 
6° and a flank angle of 11°. Parameters used in the cutting force model are listed in 
Table 7.1. Table 7.2 provides the machining process parameters. 




Table 7.1 Material parameters used in the cutting force model 
𝑑𝑁 (μm) [134] 1.0 
𝜎0 (MPa) [118] 395 
𝑞 [118] 11 
𝑔(𝑉𝑓) [129] 1 + 0.96𝑉𝑓 
𝜙𝑠𝑒𝑝 (J/m
2) [56] 50 
 Al 6061/Al2O3 Al 7075/Al2O3 
𝜎max,int (MPa) [127] 552 1006 
𝜎𝑅 (MPa) [127] 310 572 
𝜏𝑦 (MPa) [127] 207 331 
Particle volume fraction (%) 10, 20 10, 15 
Average particle diameter (µm) 9.5, 17, 20, 23, 25 15, 17 
Johnson-Cook model parameters [117, 128]  
𝐴 (MPa) 324 496 
𝐵 (MPa) 114 310 
𝐶 0.002 0.0 
𝑛 0.42 0.3 
𝑚 1.34 1.2 
𝑇melt (°C) 651 635 
𝑇transition (°C) 20 20 
𝜖0̇ 1.0 1.0 
 
Table 7.2 Parameters of the machining experiments 
Feed rate (mm/rev) 0.1, 0.15, 0.175, 0.2 
Cutting speed (m/min) 30, 60, 100 
Depth of cut (mm) 3 
 
The first step in verification of the developed model is obtaining the empirical 
parameters, 𝐻1, 𝐻2, and 𝐻3, of the constitutive model (equation (6-7)). The cutting forces 
obtained in four cutting tests were used for tuning the model constants for each matrix 
material (Table 7.3). The least squares method was employed for this reverse calculation. 
The obtained model constants for each MMC are presented in Table 7.4. 
















10 17 1.5 60 6° 
20 23 1.75 60 6° 
20 23 1 30 0° 
10 20 1 30 0° 
Al 7075/Al2O3 
15 17 1.5 60 6° 
15 17 1.75 60 6° 
10 15 1 60 6° 
10 15 2 60 6° 
 
Table 7.4 Constitutive model constants tuned using experimental data 
 𝐻1 𝐻2 𝐻3 
Al 6061/Al2O3 1.0123 -3426.9429 8969.6007 
Al 7075/Al2O3 1.5942 -645.3440 1307.4407 
 
7.5 Results and discussion 
7.5.1 Model verification: The cutting force values obtained from experiments are 
compared with the values calculated using the proposed model for various feed rates as 
depicted in Figure 7.1 and Figure 7.2. It is evident that model results are in very good 
agreement with the experimental data; maximum deviation between the model and 
experimental values is 5.73%, which is only seen in Figure 7.2 (a) with a feed rate of 0.1 
mm/rev. The average difference in all cases is 2.47%. This verifies the ability of the 
proposed constitutive model to simulate the MMCs’ behavior during cutting. 
 





(a) Al 6061/10% 17 µm Al2O3 
 
(b) Al 6061/20% 23 µm Al2O3 
Figure 7.1 Comparison of cutting force from experiments and developed model at various feed rates for 






















































(a) Al 7075/10% 15 µm Al2O3 
 
(b) Al 7075/15% 17 µm Al2O3 
Figure 7.2 Comparison of cutting force from experiments and developed model at various feed rates for 





















































As discussed earlier, according to the developed constitutive equation, the power 
for plastic deformation consists of three terms, namely the power for deformation in the 
undamaged material, the power for deformation in the debonded part, and the power 
for deformation in the cracked part of the primary shear zone. These terms of power for 
plastic deformation are graphed in Figure 7.3. This graph shows that an increase in feed 
rate will result in increased power for deformation in the undamaged area. This is while 
increased feed rate leads to reduction in the other terms of power for deformation. This 
observation can be attributed to the strain in the deformation zone. Experiments show 
that cutting with a larger feed rate will lead to a smaller chip compression ratio, which is 
a sign of smaller plastic strain. In the first term of power for deformation, the effect of 
larger feed rate is greater than the effect of smaller strain. However, in the power for 
deformation in debonded and cracked areas, the effect of smaller plastic strain is more 
evident. In total, the power required for deformation grows with an increase in the feed 
rate (Figure 7.4). 





(a) power for deformation in the undamaged material 
 
(b) power for deformation in the debonded part 
 
(c) power for deformation in the cracked part 
Figure 7.3 Different terms of power for plastic deformation for various feed rates (Al 6061/10% 17 µm 




















































Figure 7.4 Power required for deformation during cutting with various feed rates (Al 6061/10% 17 µm 
Al2O3, v=60 m/min, rake angle=6°) 
Figure 7.5 compares the experimental and model cutting force when cutting at 
different cutting speeds. The trend seen in this figure is expected as cutting force usually 
decreases with an increase in cutting speed. Results from the proposed model also follow 
a similar trend and are in good agreement with experimental results with a maximum 
deviation of 2.37%. The average difference between model and experimental values in all 
three cases is 0.87%. This comparison proves the applicability of the proposed model in a 





















Figure 7.5 Comparison of cutting force from experiments and proposed model at various cutting speeds 
for machining Al 6061/20% 23 µm Al2O3 (feed=0.1 mm/rev, rake angle=0°) 
The comparison of cutting force values obtained from experiments and the 
developed model for a range of particle sizes is shown in Figure 7.6. The agreement 
between the results demonstrates the ability of the developed constitutive equation to 
simulate the MMC behavior over a wide range of particle diameters; the deviation 
between model and experimental results does not exceed 1.43% while the average 





























Figure 7.6 Comparison of cutting force from experiments and proposed model for machining Al 
6061/20% Al2O3 with various particle diameters (v=30 m/min, feed=0.1 mm/rev, rake angle=0°) 
The model’s ability to provide such close predictions of the cutting force during 
MMC machining is a result of using the developed constitutive equation. The constitutive 
equation presented in this research includes an explicit connection to MMC’s unique 
features, and thus provides an accurate simulation of behavior of MMCs with various 
particle sizes. Results plotted in Figure 7.6 are clear indications of this capability. 
7.5.2 Parametric study: In this section, the effect of variation of parameters on the 
cutting force during machining MMCs is studied. Figure 7.7 shows the effect of particle of 
diameter on the MMC cutting force. This graph is plotted for different chip compression 
ratios. This figure demonstrates an increase in cutting force as the MMC particle diameter 
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power required for fracture and debonding of particles rises, which then leads to an 
increase in cutting force. 
 
Figure 7.7 Variation of cutting force versus particle diameter during MMC machining (Al 6061/10% Al2O3 
MMC, v=30 m/min, feed=0.1 mm/rev, rake angle=0°) 
In Figure 7.8, cutting force values are plotted against variation of cutting speed for 
different chip compression ratios. As expected, an increase in cutting speed results in 
lower cutting forces. This is because an increase in speed leads to increased temperature 
and strain rate during metal cutting which cause softening of MMC workpiece. Softened 































Figure 7.8 Variation of cutting force versus cutting speed during MMC machining (Al 6061/10% 20 μm 
Al2O3 MMC, feed=0.1 mm/rev, rake angle=0°) 
Figure 7.9 shows the effect of particle volume fraction on the cutting force during 
MMC machining. According to this figure, increase in volume fraction initially results in 
higher cutting forces. However, as the volume fraction increases above 20%, it leads to a 
decrease in the cutting force. This observation can be attributed to the effect of particles 
on the MMC behavior. An increase in volume fraction leads to a larger number of particles 
in the MMC workpiece. When the number of particles increases up to a certain value, the 
power required for debonding and fracture of particles increases, which will result in 
increased cutting forces. However, a further increase in the number of particles will cause 
the distance between particles to become very small, which will lead to large stress 






























number of cracks will decrease the power required for chip formation and, consequently, 
the cutting force. 
 
Figure 7.9 Variation of cutting force versus reinforcement volume fraction during MMC machining (Al 
6061/20 μm Al2O3 MMC, v=30 m/min, feed=0.1 mm/rev, rake angle=0°) 
 
7.6 Closing remarks 
An analytical model for prediction of cutting forces during machining MMCs using 
the developed constitutive equation was presented in this chapter. Results provided in 
this chapter clearly demonstrated the ability of the developed model to predict the 
behavior of MMCs with various particle sizes and volume fractions during cutting with 


























using one set of constants for each matrix material. Therefore, by obtaining the constants 
of the constitutive equation from tests on a specific matrix and particle combination, the 
developed model can be used to simulate the behavior of all MMCs made with the same 
materials, but with different volume fraction and size of particles. This is considered to be 








Chapter 8 Conclusions and Future Work 
8.1 Conclusions 
This thesis presents analyses of machining metal matrix composites. The presented 
analyses succeeded in providing a comprehensive understanding of MMC cutting process. 
This understanding was achieved through modeling of the process using finite element 
and analytical methods. 
The finite element analysis was performed for machining a particle-reinforced MMC 
using Abaqus commercial FEM software. In this analysis, the cutting process was modeled 
on a real MMC with its three main phases, namely the matrix, the particles, and the 
particle-matrix interface. As a result, the developed FE model was successful in offering 
an accurate description of MMC behavior during cutting as well as the interactions 
between the particles, the matrix, and the cutting tool. 
The developed finite element was used in three different steps. In the first step, the 
model was utilized for investigating various scenarios of interactions between the cutting 




tool and particulate reinforcements. These interactions can cause cutting force 
fluctuations, increased cutting tool wear rate, and lower machined surface quality. This 
investigation showed that initiation of particle fracture and debonding can lead to sudden 
drops in the cutting force. On the other hand, when the interaction between the tool and 
particle results in the particle squeeze, a rapid increase in the cutting force was observed. 
Scenarios of tool-particle interactions for particles located on the cutting line, 
located above the cutting line, and located below the cutting line were investigated. For 
the particle located on the cutting line, the tool-particle interaction resulted in debonding 
and fracture of the particulate reinforcement, thus leaving cavities on the machined 
surface and consequently lowering the surface quality. When the particle was located 
above the cutting line, it was pushed against the matrix into the chip as a result of 
interaction with cutting tool. 
For a particle located below the cutting line, the interaction with the tool caused 
particle fracture, though larger pieces of the particle remained attached to the matrix 
and, thus, the machined surface roughness was not increased significantly. This analysis 
also proved that large plastic deformations in the matrix around the particles can cause 
debonding of the particles from the matrix. 
In the second step, the finite element model was utilized for investigating the effect 
of cutting speed on MMC machining. This model offered an accurate prediction of cutting 
forces for machining MMCs with different cutting speeds. 




The developed model also provided valuable knowledge regarding the effect of 
cutting speed on tool-particle interactions. For a particle located on the cutting line, it was 
shown that particle debonding is accelerated with an increase in cutting speed. This is 
while fracture of particles occurs when machining using lower cutting speeds. For a 
particle located below the cutting line, particle fracture occurred at all cutting speeds. In 
this case, lower cutting speed resulted in more rapid debonding of particle pieces from 
the matrix while at higher speeds, particle pieces remained attached and pushed into the 
matrix. For a particle located above the cutting line, increase in cutting speed altered the 
nature of crack initiation during tool-particle interaction. For lower cutting speeds of v=30 
m/min and v=60 m/min, cracks started ahead of the cutting tool at the particle-matrix 
interface and then progressed into the matrix. This means that crack initiation occurred 
before a direct contact between the cutting tool and particle, which had an adverse effect 
on the machined surface quality. However, for higher cutting speed of v=100 m/min, crack 
started at the contact region between the cutting tool and matrix. 
In the last step of using the finite element model, the model was utilized for 
investigating the plastic deformations during MMC machining. This model used ALE 
adaptive meshing to overcome the issues related to mesh distortion during metal cutting. 
The model showed that, due to existence of reinforcements, non-uniform plastic strains 
are observed in the chip during MMC machining. The FE simulation depicted zones of high 
deformation along the particles and zones of low deformation between the particles. 
Local areas of very high deformation were also observed adjacent to particles, which 
resulted in high stress concentration in the particles. 




Analysis of plastic deformations beneath the machined surface showed high plastic 
deformation around the particles located on the cutting line. For particles located above 
the cutting line, plastic deformation beneath the surface was very low. For particles 
located below the cutting line, interaction with the tool did not affect the plastic 
deformation beneath the surface, i.e. plastic strains were similar to the areas where there 
were no tool-particle interactions. 
An analytical model for prediction of MMC cutting forces was developed based on 
energy partition of the cutting system and relied on conventional constitutive equations, 
i.e. equations that were developed for monolithic materials. The developed model was 
successful in providing an accurate prediction of cutting force during MMC machining for 
various feed rates and cutting speeds. However, model’s predictions were not as accurate 
for machining MMCs with different particle sizes. This was attributed to the model’s 
reliance on conventional constitutive equations. Since these constitutive equations were 
proposed for capturing the behavior of traditional monolithic materials, their description 
of MMC behavior is not accurate. 
In order to overcome the issues related to the conventional constitutive equations, 
a novel constitutive equation for description of MMC behavior was also proposed. This 
developed constitutive equation explicitly described the effect of MMC’s unique features, 
namely particle size and volume fraction, on MMC behavior during cutting. In this 
equation, MMC’s parameters were directly included and, unlike the conventional 
constitutive equations, they were not embedded in model constants. 




The developed constitutive equation was utilized in an analytical model for 
prediction of cutting force. Accuracy of model predictions proved that the developed 
constitutive equation is capable of capturing the MMC behavior during machining. Using 
one set of constants for each matrix material, the developed model provided accurate 
prediction of cutting force for machining MMCs with different volume fractions and 
particle sizes with various feed rates and cutting speeds. This accomplishment is 
considered to be a major breakthrough in modeling MMC machining process. 
The proposed model was used for studying the effect of various parameters on 
MMC cutting force. Increase in particle size was shown to result in an increase in cutting 
force. This was attributed to the effect of larger particles on increasing the power required 
for debonding and fracture of particles. This investigation also proved that an increase in 
particle volume fraction can initially lead to larger cutting forces, which is due to the larger 
power required for debonding and fracture of particles. However, as the volume fraction 
is further increased and the distance between particles becomes too small, large stress 
concentrations occur between the particles and matrix cracking becomes easier. This will 
consequently lower the required cutting force. 
The numerical and analytical models developed in this thesis were successful in 
offering a detailed and accurate description of MMC behavior during the metal cutting 
process as well as explaining the unique characteristics of MMC machining, including the 
interactions between the cutting tool and various MMC phases. This achievement is the 
main contribution of this research. 




8.2 Future work 
Future research related to machining metal matrix composites can focus on the 
recommendations described in this section. 
1. A more complex finite element modeling of MMC machining process can be 
developed. This model can incorporate the effect of cutting edge radius. A three-
dimensional FE model may be developed for studying the oblique cutting process 
for MMCs. More complex material models for various MMC phases can be 
incorporated in the FE simulation to provide a more accurate description of MMC 
behavior during metal cutting. 
2. Finite element modeling can be performed on whisker-reinforced and fiber-
reinforced MMCs. A more comprehensive FE model can include various shapes for 
the reinforcements in the MMC. Random positions can be selected for the 
reinforcements in the model based on microstructural analysis of actual MMCs. 
3. Improvement of the analytical models requires additional experiments with 
different types of matrix and reinforcement materials. More comprehensive models 
can be developed by utilizing more complex equations for describing the behavior 
of the matrix, the reinforcements, and the matrix-reinforcement interface phases 
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